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Introduction
Plasma based particle acceleration is now regarded as a promising way to extend performance
of existing accelerators as shown recently [1] at SLAC where energy doubling of a fraction of the
initial 20 GeV electron beam was successfully demonstrated using plasma wakefield acceleration.
At the same time, a wide range of "all optical" (laser-driven) plasma accelerators have been
developed leading to the production of electron bunches of multi-GeV [2], using laser-driven
plasma wakefield acceleration (LWFA). In fact, plasmas can support ultrahigh electric fields, of
the order of 100 GV/m, more than three orders of magnitude higher than the highest gradients
achievable with current RF acceleration technology.
Laser-plasma acceleration of electrons, first proposed in 1979 by Tajima and Dawson, be-
came readily feasible when ultra-short laser pulses became available in the late 80’s [3] and
currently is exploited in several laboratories worldwide to produce collimated (few mrad) and
ultrarelativistic (hundreds of MeV to GeV) electron beams. The extremely wide range of appli-
cations of such laser-driven plasma accelerators includes the production of so-called "secondary
sources" which include, for example, positron sources, gamma-ray sources and, in perspective,
compact synchrotron radiation and free-electron laser sources. In this context, a laser-plasma
acceleration programme has been established at ILIL-INO (CNR, Pisa) and more recently at
Sparclab (LNF-INFN, Frascati), also in collaboration with the ASTRA-GEMINI laser at the
Rutherford Appleton Laboratory (Oxford, GB). The programme is aimed at the development of
new, all-optical, secondary radiation and particle sources for applications.
My thesis work is centered on the study of the properties of LWFA generated electron beams
in two experiments included in the above cited programme. After a preliminary brief introduc-
tion on LWFA and a focus on the most advanced acceleration regimes, a description of the
experiments is given, with special attention to the laser and electron diagnostics dedicated to
the characterization of beam quality. Beam properties have been retrieved using different diag-
nostics including a scintillating screen for studies of beam divergence and pointing stability, and
a magnetic spectrometer based upon a permanent dipole, coupled to a scintillating screen, to
retrieve the electron beam spectrum. Imaging of plasma emission perpendicular to laser propa-
gation axis, was also detected to study laser propagation inside the plasma. Combining results
of these different diagnostics, details on the acceleration process of the electrons are inferred.
With the help of numerical particle-in-cell simulations, the acceleration mechanism occurring in
our particular wakefield acceleration regime and its interesting feature are identified. The results
on the properties of the accelerated electron bunch are then compared with the optimum values
expected using available scaling laws for the so-called "bubble regime".
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Timeline of the thesis project
I begun my thesis activity in October 2012. My first task was the analysis of the electron bunches
produced via LWFA during the preliminary run of Gamma-resist experiment, held in July 2012.
First results have been obtained in November 2012 and have been presented at the Gamma-
resist kick-off meeting, held in Pisa on November, 28th. During this meeting it turned out the
possibility to participate to an experiment involving LWFA electron beams due to collaboration
with Prof. Sarri (Queen’s University Belfast). The aim of this experiment is the production of
both a table-top positron beam and a table-top neutral beam, using LWFA electron beams.
This experiment has been held at the Rutherford Appleton Laboratories from January, 14th to
February, 22nd. So during December 2012 and January 2013 I continued working on my analysis
and from January, 28th to February, 8th, I participated in the experiment and my duty was to
help with the experimental work and to suddenly analyze the electron beams produced.
From February 2013 to the end of May 2013 I analyzed these electron spectra and at the
same time the results of the preliminary run have been presented at the annual symposium
of ths Istituto Nazionale di Ottica (March, 14th, Firenze), at SPIE conference (April, 15th-18th,
Prague) and at EAAC 2013 conference (June,3rd-6th, Elba), and published in the SPIE conference
proceedings [4].
The last duty of my thesis activity has been the participation to the Gamma-resist experi-
ment, held at Laboratori Nazionali di Frascati from June,3rd to July,26th. I participated in four
weeks and my duty was, as in the previous experiment, to help with the experimental work and
to suddenly analyze the electron beams.
Outline of the thesis
This thesis is structured in five chapters. In the first one theoretical aspects of laser wake-field
acceleration of electrons are discussed, along with scaling laws and phenomena that can limit
the energy gain. Second chapter is my experimental activity, and first is presented Gamma-resist
experiment, and suddenly the experiment held at RAL, since I dedicated much more time in the
first one. Chapter three is focused on the retrieval of electron beam properties using different
diagnostics. In Chapter four the experimental results are discussed and compared with other
recent experiments. Chapter five is the last and is a summary of my thesis work along with
possible perspectives.
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Chapter 1
Theoretical aspects of laser wake-field
acceleration of electron beams
The extremely high electric fields sustainable by plasma, of the order of E0 ' 96
√
n0[1018cm−3]
GV/m [5], far exceed the accelerating gradients of conventional rf accelerators (linacs), limited
by the breakdown of the walls of the structure, of the order of '100MV/m. One way to build up
an accelerating structure in a plasma is to excite plasma waves with a powerful laser pulse that
leaves behind a so-called wake field [6]. The morphology of these waves strongly depend on laser-
plasma parameters, as does the number of particle that can be trapped (self-injected) in these
accelerating structures. An analytical-only model to fully describe laser wake-field acceleration
(LWFA) of electrons is lacking due to the strong non-linearities involved and the feedback action
of the plasma on the driver. For this reason numerical simulations play a crucial role in the
understanding of this physical process. In this chapter first a model for the laser driver will be
introduced, followed by some basics of plasma physics. Then, the generation of plasma waves will
be discussed, followed by a description of the possible accelerating regimes of a single electrons
in these plasma-generated fields. Finally, limits of the accelerating process and 3D particle-in-
cell simulations will be introduced. Due to the experimental nature of this thesis, often useful
expression of the parameters presented will be also introduced along with the rigorous definition.
1.1 The laser driver
Laser pulses used in LWFA experiments usually have gaussian-shape intensity in the plane trans-
verse to the propagation, corresponding to a Gaussian electric field of the wave. This Gaussian
shape is due the fact that the beam exits the resonant oscillator in a TEM00 mode. Pulse spectra
are typically broad in order to achieve ultra-short duration, and the resulting temporal profile is
usually well approximated by a Gaussian. The electric field of a linearly polarized Gaussian beam
with central frequency ω0, wave vector k0 = ω0c and maximum field E0 can be found solving the
paraxial Helmholtz equation, and is:
E(r, z, t) =
E0
2
f(r, z)g(t, z)e−i(k0z−ω0t)eˆx + ceˆz (1.1)
where
g(t, z) = exp
[
−2ln2
(
t− z/c
τ0
)2]
(1.2)
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Figure 1.1: Representation of the envelope of a Gaussian laser beam (red). θ is the beam total
divergence and b is the depth of focus, equal to twice the Rayleigh length.
and
f(r, z) =
w0
w(z)
exp
[
− r
2
w2(z)
− i k0r
2
2R(z)
]
eiφ(z) (1.3)
where τ0 is the pulse duration at full width at half maximum (FWHM); w0 is the waist of the
focal spot, that is the radius at 1/e of the electric field in (the focal plane) z=0; φ(z) is the Gouy
phase, that is the phase shift of the pulse due to focusing; R(z) is the radius of curvature of the
wave front and w(z) is the radius at 1/e of the electric field, which defines the Rayleigh length
(zR) of the beam:
w(z) = w0
√
1 +
z
zR
(1.4)
zR =
piw20
λ
⇒ zR[µm] = 3.14(w0[µm])
2
λ[µm]
(1.5)
In Figure 1.1 is represented the envelope of a Gaussian beam in red along with graphical
representation of the geometric beam parameters just described.
Useful quantities related to the laser pulse are its normalized electrostatic φ and vector a
potentials, defined by:
a =
eA
mec2
; φ =
eΦ
mec2
(1.6)
where Φ and A are, respectively, electrostatic and vector potentials of the laser. The laser pulse
intensity, which is the Pointying’s vector averaged over one optical cycle, is:
I = c20〈E×B〉t (1.7)
and the laser pulse power, which is the energy averaged over one optical cycle, is:
P = 〈0E
2
2
+
0c
2B2
2
〉t (1.8)
The integral of the intensity over the whole beam area is equal to the power, so the following
relation exists between the maximum intensity I0 and the power P:
I0 =
2P
piw20
⇒ I0[W/cm2] ' 6.4 · 1019 P [TW ]
(w0[µm])2
(1.9)
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with
P = 2
√
ln2
pi
U
τ0
⇒ P [TW ] ' 940 U [J ]
τ0[fs]
(1.10)
where U is the energy contained in the pulse. Then, the following relation links the maximal
intensity I0 and the maximum of the normalized vector potential a0
a0 =
(
e2
2pi20m2ec
5
λ20I0
)1/2
⇒ a0 ' 0.85
√
I[1018W/cm2]λ[µm] (1.11)
When a0 exceeds the unity, the oscillation of an electron in the laser field becomes relativistic.
1.2 Basics of plasma physics
When laser intensity exceeds 1016 W/cm2, matter is comletely ionized in a few optical cycles
and becomes a plasma made of lighter electrons and much heavier positive ions.
Since their inertia is very different, electrons and ions can be considered as two different
fluids, moving with timescales characterized by their plasma frequency, which represents the
oscillation frequency of the plasma if slightly perturbed from its equilibrium position:
ωp =
√
nq2
m0
⇒ ωpe =
√
nee2
me0
' 55
√
ne[1018cm−3] THz (1.12)
and from plasma frequency is possible to define the plasma wavelength:
λp =
2pic
ωp
⇒ λp[µm] ' 34√
ne[1018cm−3]
(1.13)
The dispersion relation of a laser pulse interacting with a plasma is:
ω2L = ω
2
p + c
2k2 (1.14)
and from this equation follows that if the laser frequency is lower than the plasma frequency, the
laser cannot propagate through it. So it is possible to define a critical density for the laser pulse,
which corresponds to the minimum density at which the laser will be stopped:
nc =
me0ω
2
L
e2
⇒ nc[1018 cm−3] ' 1.14 · 10
3
(λL[µm])2
(1.15)
If the density of the plasma will be higher than nc, it will be named overdense, otherwise
underdense.
In cilindrical simmetry, the refractive index of a plasma is given by:
η(r, z, t) =
(
1− ne(r, z, t)
nc
)1/2
(1.16)
Since plasma electron density has a radial profile characterized by
(
dne
dr
)
r=0
<0, due to the Gaus-
sian shape of the laser,
(
dη
dr
)
r=0
>0 and so the plasma will act as a divergent lens for the laser. It
is possible to demonstrate that, in the case of Gaussian laser pulses, defocalization is dominant
over the focalization due to optical components when [7]:
ne
nc
>
λ
pizR
⇒ ne[1018 cm−3] & 1.16 · 10
2
(w0[µm])2
(1.17)
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As discussed in details below, this condition plays an important practical role in the interaction
of a laser pulse with a gas target like a gas-jet. In fact, since ionization can prevent focusing of
the beam, it is useful to focus the laser pulse immediately before the edge in the gas-jet.
In the case of a collisionless plasma, it is useful to introduce the phase space distribution
functio fj(x,v, t), that describes the location of the particle of species j in the phase space (x,v)
as a function of time. Neglecting ionization and recombination, fj must obey the continuity
equation. Considering the equation of motion, the Vlasov’s equation is obtained:
∂fe
∂t
+ v · ∇fe − e
me
(E+ v ×B) · ∂fe
∂v
= 0 (1.18)
This equation is true for each charge species. From the momenta of eq. 1.18 by integrating over
the velocities and assuming that the local field equals the average field, the following quantities
can be defined:
• the density ne(x, t) =
∫
fe(x,v, t)d
3v;
• the velocity ve(x, t) = 1ne(x,t)
∫
fe(x,v, t)vd
3v;
• the pressure Pe(x, t) = me
∫
fe(x,v, t)(v − ve)(v − ve)td3v.
where vt represents the transposed of vector v. Using these quantities, the so-called fluid equations
are obtained: {
∂ne
∂t +∇ · (neve) = 0
∂ve
∂t + (ve · ∇)ve = − eme
(
E+ ve×Bc
)− 1neme∇ · Pe (1.19)
1.3 Generation of plasma waves
When an ultra-intense (I0 ≥1018 W/cm2) ultra-short (τ '30 fs) laser pulse passes through a neu-
tral gas, this gives rise to a complete ionization and the radiation pressure generates fluctuations
in the electron density that can propagate inside the plasma. This space charge fluctuations are
called plasma waves and move behind the laser pulse, creating an electric field which is called
wake-field [6]. Depending on laser parameter a0, these waves behave as linear (a01) or non-
linear (a0&1) waves. Solution of the full problem, including self-consistent evolution of the drive
laser pulse, requires numerical simulations [8], but under some assumptions, analytical solutions
exist in 3-D linear regime or in 1-D non linear regime.
1.3.1 The ponderomotive force
Fluctuations of electron density are induced by the ponderomotive force [9], which corresponds
to the radiation pressure of the laser pulse and can be derived by considering the electron fluid
momentum equation 1.19 in the cold fluid limit, i.e. ∇ · Pe = 0:
dp
dt
= −e[E+ (v ×B)/c] (1.20)
where p and v are the plasma fluid element momentum and velocity, respectively, and d/dt =
∂/∂t+(v ·∇). In the linear limit, the leading-order electron fluid motion is the quiver momentum
pq = meca, as indicated by ∂pq/∂t = −eE. Letting p = pq + δp, the second order motion is:
dδp = [(pq/me) · ∇]pq − pq × (c∇× a) =
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= −mec2∇(a2/2) (1.21)
Hence, Fp = −mec2∇(a2/2) is the 3-D ponderomotive force in the linear limit (a  1). This
force pushes electrons away from the laser field in radial and longitudinal directions.
In the 1-D non-linear regime, a0 ≥ 1, and electron oscillations become relativistic. The
conservation of canonical momentum implies that electron velocity in the transverse plane, u⊥,
is equal to u⊥ = p⊥/mec = a⊥, i.e. a⊥ is the normalized quiver momentum. Hence the non-linear
1-D ponderomotive force is:
Fpz = −mec
2
2γ
∂a2⊥
∂z
(1.22)
which is basically the relativistic-corrected version of eq. 1.21.
1.3.2 Linear plasma waves
Plasma electron motion in a laser field is the combination of a fast oscillation at the laser
frequency (quivering) plus a slower frequency motion induced by the ponderomotive force. In
the case of low intensity laser (a01), this 3-D motion is described by the cold fluid equations,
which are eq. 1.19 under the assumption of plasma electron thermal velocity much lower than
laser pulse phase velocity, and the equation for density perturbation is [8]:(
∂2
∂t2
+ ω2p
)
δn
n0
= c2∇2
(
a2
2
)
(1.23)
The electric field generated by this space-charge fluctuation is given by [8]:(
∂2
∂t2
+ ω2p
)
φ = ω2p
a2
2
(1.24)
where δn/n0 = (n − n0)/n0 is the normalized density perturbation associated with the electro-
static wake φ in the limit a2  1. In the case of little density perturbations, δn/n0  1, and
electric field much smaller than the cold non-relativistic wave breaking field [5] (see Section 1.3.3
eq. 1.37), E/E0  1, these equations can be solved by [8]:
δn
n0
=
c2
ωp
∫ t
0
dt′sin[ωp(t− t′)]∇2
(
a2(r, t′)
2
)
(1.25)
and
E
E0
= −c
∫ t
0
dt′sin[ωp(t− t′)]∇
(
a2(r, t′)
2
)
(1.26)
These equations describe plasma waves generated at the frequency ωp and their solutions indi-
cates that wakefields will be generated most efficiently when the envelope scale length, which
characterizes the axial gradient in the normalized laser intensity a2, is of the order of the plasma
wavelength. The radial extent of the wake is of the order of the laser spot size rs.
In addition to the axial wakefield Ez, transverse wakefields Er and Bθ will be generated, with
Ez ∼ Er ∼ a2 and Bθ ∼ a4 [8]. Transverse wakefields are related with axial wakefield by the
Panofsky-Wenzel theorem [10]:
∂Ez
∂r
=
∂(Er −Bθ)
∂(z − ct) (1.27)
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From this theorem it follows that in the case of a Gaussian axial wakefield,
Ez ∼ e
−2r2
r2s cos[kp(z − ct)]
the transverse wakefield will be:
Er −Bθ ∼ 4r
kpr2s
e
−2r2
r2s sin[kp(z − ct)]
and so there is a phase region of the wake of width kp|∆(z−ct)| where a test relativistic electron,
will experience axial accelerating and radial focusing forces.
1.3.3 Non-linear plasma waves and wave breaking
In the case of large electric fields, E & E0, plasma waves become non-linear, i.e. wave propagation
velocity becomes dependent on wave amplitude. Wakefield generation in 1-D non-linear regime
can be examined by assuming that the drive beam is non-evolving, i.e. is only a function of the
coordinate ξ = z−vpt, where vp is the phase velocity of the plasma wave, and in the case of broad
drivers (i.e. normalized waist radius, kpw0 much higher than one) [8]. In this model, plasma fluid
quantities are also considered to be function of the variable ξ only (quasistatic assumption [11]).
The 1-D quasistatic fluid momentum and continuity equations give:
u⊥ − a⊥ = 0 (1.28)
γ − βpuz − φ = 1 (1.29)
n(βp − βz) = βpn0 (1.30)
In the case of relativistic phase velocity of the plasma wave, vp ∼ c, the Poisson’s equation:
∇ ·E = 4pie(n0 − ne) ⇒ ∂
2φ
∂ξ2
= k2p
(
n
n0
− 1
)
(1.31)
can be written as [12]:
k−2p
∂2φ
∂ξ2
=
1 + a2
2(1 + φ2)
− 1
2
(1.32)
and so the plasma fluid quantities are:
n
n0
=
γ2⊥ + (1 + φ)
2
2(1 + φ)2
(1.33)
uz =
γ2⊥ − (1 + φ)2
2(1 + φ)
(1.34)
γ =
γ2⊥ + (1 + φ)
2
2(1 + φ)
(1.35)
where γ⊥ = 1 + a2. In this limit is possible to evaluate the non-linear plasma wavelength, which
turns out to be [12]:
λNp = λp

1 +
3
16
(
Emax
E0
)2
,
Emax
E0
 1,
2
pi
(
Emax
E0
+
E0
Emax
)
,
Emax
E0
 1
(1.36)
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where Emax is the peak electric field of the plasma wave and can be estimated in the linear
regime using the Poisson’s equation (1.31) and assuming all the electrons oscillating with a wave
number kp = ωp/c:
Emax =
4picn0
ωp
' 96
√
ne[1018cm−3]
GV
m
≡ E0 (1.37)
A non-linear plasma wave can have a peak field that exceeds E0 and the maximum field sus-
tainable by a non-linear plasma wave is called wave breaking field (EWB). In the non-linear 1-D
regime, using the non-linear and relativistic cold fluid equations, EWB is [13]:
EWB =
√
2(γp − 1)E0 (1.38)
where γp is the relativistic Lorentz factor associated with the phase velocity of the plasma wave.
So as the electric field of the wake increases, plasma wavefronts become farther apart and the
plasma waves more peaked, as it is shown in Figure 1.2. In this Figure electron density is plotted
versus zˆ and xˆ phases and the sharp density peaks of these non linear waves are clearly visible.
This simulation has been performed by Shadwick et al. [14] using a fluid model for the plasma.
The fact that plasma wave length depends on the electric field of the wake has an important
Figure 1.2: Non linear plasma waves generated by a Gaussian laser pulse with a0=1.5, k0/kp=20
and kp/r0=8. Laser pulse is travelling to the left. This image is taken from [8].
effect on 3-D non-linear plasma waves: the Gaussian shape of electric field of the laser driver
in the focal plane implies that λNp will be greater on the axis and will decrease in the radial
direction. This causes the wavefronts of the plasma to become curved and assume a “horse-shoe”
shape, and if the radius of curvature becomes of the order of λNp the regular structure of the
plasma is destroyed and particle trapping may occur [15].
1.4 Beam guiding
A problem concerning the creation of the plasma wave is the diffraction of the laser pulse, i.e. it
stays focused only for a limited distance, which, in vacuum, is of the order of the Rayleigh length
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(see eq. 1.4). As the laser pulse diverges, its normalized vector potential decreases and so the
amplitude of the waves decrease, resulting in lower accelerating fields. For this reason, to achieve
durable plasma waves, the laser pulse has to stay focused as long as possible. When a0≥1, the
refractive index of the plasma becomes dependent on the laser intensity, η(I) = η0 + η2I, and so
plasma medium acts as a focusing lens for the laser. This phenomenon is called self -focusing
and the critical power to achieve it for a linearly polarized pulse is [16]:
Pc =
16pim2ec
5ω2
4pie2ω2p
= 17.5
(
ω
ωp
)2
GW (1.39)
which indicates that for P<Pc the laser will diffract, for P>Pc the laser will focus and for P=Pc
the laser will propagate with constant spot size. Equation 1.39 is obtained neglecting several
phenomena which also modify the refractive index, including the plasma wave, the ponderomotive
effect on the electrons, the ion channel created by a long pulse.
In the case of laser pulses shorter than plasma wavelength,
For instance, the plasma wave tends to defocus the laser pulse, which might prevent the
pulse from self-focusing at Pc [17]. (Then, because of an electron density bump at the front of
the plasma wave, the laser field in the first plasma bucket can’t self-focus [18]. Consequently,
the laser pulse tends to erodes by the front [19]. In particular, this theory predicts that it’s not
possible for a laser pulse shorter than the plasma wavelength to remain self-focused.)
In fact, current experiments use very intense laser pulses a01 and density perturbations are
not linear anymore. Then, consequences on the self-focusing of very short laser pulses are less
obvious [20].
1.5 Electron injection in the plasma waves
Once accelerating fields are estabilished inside the plasma, as briefly discussed above, it only re-
mains to describe how electrons can be injected and accelerated in these fields. External injection
mechanisms have been proposed using electron bunches coming from conventional accelerators
as in the case of the External Injection Programme at LNF [21]. However this scheme presents
huge experimental issues due to synchronization and to the fact that electrons must be injected
in the proper phase of the wave, i.e. in the phase space region where the wave is both focusing
and accelerating. For this reason self-injection mechanisms, where plasma waves capture some
background electrons, seems to be very promising, especially for future applications.
Figure 1.3 shows the 1-D the motion of a test electron in a plasma wave in its phase space
(p˜, ψ) where p˜=p/mec is the normalized momentum and ψ = kp(z − vpt) is the phase. In the
linear regime, the plasma wave is described by a sinusoidal electrostatic potential φ = φ0cosψ,
where φ0 = Emax/E0 is the amplitude. The phase region −pi < ψ < 0 is accelerating and an
electron injected at ψ = 0 with velocity vz < vp will slip backward with respect to the plasma
wave. If the initial energy is too low, at ψ = −pi is still vz < vp and the electron would be
untrapped and would continue to slip backward through the plasma wave. On the other hand,
if the electron velocity overcomes the phase velocity of the wave, it will be trapped and execute
closed orbits in the −pi < ψ < pi phase region. The orbit which separates the two regimes is
called the separatrix and is shown by the solid line of Figure 1.3, where the phase space relative
to electrons at different initial thermal velocities in a linear wake field with φ=0.1 and γp=10 is
plotted.
Theoretical aspects of laser wake-field acceleration of electron beams 9
Figure 1.3: Single particle orbits in phase space (p˜, kpξ) for an electron in a small amplitude
sinusoidal plasma wave with a normalized potential given by φ = φ0cosψ with γp=10 and φ=0.1.
The separatrix is shown as solid curve and dashed curves represent the electron orbits. This image
is taken from [8].
The number of electrons trapped in the plasma wave can thus be estimated considering a
thermal distribution for the plasma electrons. In this hypothesis the fraction of electron injected
will be:
ftrap =
1
2
erfc
(
p˜t
βth
√
2
)
(1.40)
where p˜t is the minimum initial electron momentum and β2th = kBT0/mc
2 is the initial rms
momentum spread.
Different mechanisms to enhance and control the electron self-injection have been proposed
and realized, for example using additional laser pulses [22, 23] or density gradients. Here the
density gradient method is discussed, since it is relevant for one of the experiments discussed in
this thesis.
1.5.1 Density gradient self-injection
A negative density gradient in plasma density can be used to enhance electron injection in plasma
waves and was first proposed in 1998 [24]. This phenomenon consists in decreasing the phase
velocity of the plasma wave, thus allowing for a bigger fraction of self-trapped electron. Infact,
the phase velocity ψ = kp(z)(z − ct) can be written locally as:
vp =
c
1 + ξkp
dkp
dz
(1.41)
considering a constant group velocity equal to the speed of ligth. For small density gradients eq.
1.41 can be written as:
vp
c
= − ξ
2n
dn
dz
(1.42)
and since ξ<0 behind the laser, in the case of negative gradients the wake phase velocity will
decrease, leading to a trapping of all the electrons that locally satisfy vth>vp.
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1.6 Accelerating regimes
Having discussed the formation of the wake-field and how some of the electrons of the background
can be injected in the accelerating structures, now the three main regimes of acceleration currently
explaining most of the experimental observations will be discussed. The difference between the
regimes lies on the different parameters of laser and plasma and although at a first glance they
may seem quite similar, the features of the outgoing electron beams result very dependent on the
accelerating regime. These regimes are broadly identified by the length of the laser pulse L = cτ
compared to the plasma wavelength λp = 2pi/ωp. For L λp the so-called self-modulated laser
wake-field acceleration (SMLWFA) occurs, whereas for L ≥ λp we refer to forced laser wake-field
acceleration (FLWFA). Finally for L < λp we are in the blow-out or bubble regime. It is important
to observe that the transition between these regimes can occur acting either on the temporal
duration of the laser pulse or on the plasma density.
1.6.1 Self-Modulated Laser Wake-Field Acceleration
In the case of a laser pulse much longer than the plasma wavelength, the wake-field induces
a position-dependent refractive index, higher downstream the density wake and lower at the
density peaks, which, in turn, modulates the laser pulse, as shown in Figure 1.4. This creates a
feedback that can lead to the fragmentation of the laser pulse into several beamlets each of a
length of the order of the plasma wavelength. To operate in this regime, the laser pulse needs to
have also a power larger than the critical power required for relativistic guiding, defined in eq.
1.39.
Electron beams obtained in this regime present spectra with Boltzmann thermal distribution,
divergence of few degrees and, for fixed laser intensity, lower energy and higher charge [25].
1.6.2 Forced wake-field regime
In the case of an ultra-short (tens of fs) laser pulse which satisfies cτ ' λp, the laser front
pushes electrons forward while the rear propagates in the density depression of the plasma wave.
Consequently, the back of the pulse propagates faster than its front, comrpessing it to an optical
shock. In this regime thermal loading of the plasma is much lower than in SMLWFA, allowing for
bigger plasma wave amplitudes, thus allowing for higher accelerating gradients. Furthermore, due
to the self-compression of the pulse, this regime of acceleration its less stringent than SMLWFA
on the initial plasma density of the target [26].
Electron beams obtained in FLWFA present broad spectra and few degrees divergences and,
for fixed laser intensity, lower charge (typically hundred of pC) but higher energy when compared
to SMLWFA [27].
1.6.3 Blow-out (or Bubble) regime
Blow-out regime occurs when the radial structure of the plasma waves exhibits non-linearities
and the laser intensity is sufficiently high to completely expel all plasma electrons from the
vicinity of the axis. This situation happens in the case of laser pulses shorter than the plasma
wavelength (L' λp/2) and at ultrahigh intensities (a01).
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Figure 1.4: Self modulation of the laser envelope and coupling with the plasma wave amplitude.
Upper images refer to laser intensity, lower to density fluctuations in the plasma. a) Laser enters
the plasma and perturbates electron density. b) Density fluctuations induce fluctuations in the
refractive index which modulates the intensity profile of the laser pulse. c) Modulated intensity
profile is coupled with the plasma wave and starts to split in several beamlets. This image is taken
from [20].
The blow-out region of the wake is characterized by an accelerating field that is constant as
a function of radius and varies linearly as a function of distance behind the driver and a focusing
field that is linear as a function of radius. This regime can have beneficial accelerating properties
because the focusing forces are linear, for example beam normalized emittance will be preserved.
The focusing force of the cavitated (or bubble) region can be very large. For example, the
radial space charge field of a long ion channel is Er = E0(kpr/2) [28], which means that at the
edge of an electron beam with radius σr this field can be written as:
Er[GV/m] = 9.06× ne[1018cm−3]σr[µm] (1.43)
This radial force will cause a relativistic electron with γ  1 to perform betatron oscillation
about the axis with a betatron wavelength λb = (2γ)1/2λp [29]. The rms radius of a highly
relativistic electron bunch will evolve via [8]:
d2σr
dz2
+ k2bσr −
2n
γ2σ3r
= 0 (1.44)
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where n is the normalized beam emittance, assuming linear focusing forces and neglecting beam
space charge, energy spread and acceleration. The condition for the bunch to propagate at con-
stant beam radius is readily obtained from eq. 1.44:
σrm =
√
n
γkb
(1.45)
Blow-out regime has been studied using 3-D PIC simulations by Pukhov’s gruop (for a0>20)
[30] and Lu’s group (for a0>2) [31]. Since in the experiments presented later in the thesis a0
will never reach Pukhov’s value, here only Lu’s group result will be discussed. They predict
the formation of a bubble for a0>2, whose shape becomes spherical for a0>4, and an optimal
normalized laser spot waist of Kpw0 = 2
√
a0. Furthermore, they predicted the formation of a
quasi mono-energetic bunch with energy:
∆E[GeV ] ' 1.7
(
P [TW ]
100
)1/3( 1
np[1018cm−3]
)1/3( 0.8
λ0[µm]
)4/3
(1.46)
and with charge:
C[pC] ' 400λ0[µm]
0.8
√
P [TW ]
100
(1.47)
Finally, Lu’s group claims that self-injection will occur only if kpw0 ≥4.
1.7 Limits of the LWFA
In LWFA there exist different phenomena which can limit the energy gain of the bunch and
deteriorate its quality, such as electron dephasing, pump depletion and beam loading.
1.7.1 Electron dephasing
A free electron located in a linear plasma wave with longitudinal field Ez = Emaxsin[ωp(z/vp−t)]
will be accelerated and as its velocity approaches the speed of ligth, it will outrun the plasma
wave and move into a phase region where it will be decelerated. This phenomenom limits the
electron energy gain and is called electron dephasing. The dephasing length Ld is defined as the
length the electron must travel before it phase slips by one half of a period with respect to the
plasma wave. So for a highly relativistic electron dephasing length is given by:(
1− vp
c
)
Ld =
λp
2
⇒ Ld = λp
2
γ2p
(
1 +
vp
c
)
(1.48)
and in the case of γp = ω/ωp  1 it can be expressed as:
Ld ' γ2pλp ⇒ Ld[cm] '
3.9
λ2L[µm]ne[10
18 cm−3]
(1.49)
1.7.2 Pump depletion
As the laser driver propagates and builds up the wake field, it loses energy. An estimate of the
laser (pump) depletion length is given equating the energy of the laser pulse with the energy
left behind in the wake E2zLpd = E2LL where EL is the laser field. In non-linear regime, pump
depletion is comparable with electron dephasing length, and it has been estimated to be [32]:
Lpd =
λ3p
λ2L
√
2a0
pi
⇒ Lpd[cm] ' 2.7 a0
ne[1018 cm−3]
(1.50)
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1.7.3 Beam loading
The electrons injected in the bubbles will create their own wake that would interfere with the
wake generated by the laser. This phenomenon is called beam loading and limits the charge of the
accelerated bunch and can also severely deteriorate its quality. The number of electrons required
to produce a wake that will cancel the accelerating field has been evaluated by Katsouleas et al.
[33]:
Nmax =
n0AbEz
kpE0
' 5 · 1014Ez
E0
Ab(cm
2)
√
no[1018cm−3] (1.51)
assuming kpσz < 1 and Ez/E0 < 1, where Ab  pi/k2p is the cross-sectional area of the bunch.
The energy spread of the accelerated bunch induced by beam loading scales as N/Nmax, while
the efficiency as (N/Nmax)(2−N/Nmax).
1.8 Numerical simulations of LWFA regime using PIC method
Numerical simulations of the laser-plasma interactions are often required twice in an experimen-
tal campaign: first, when projecting an experiment, to have a guide for choosing the optimal sets
of physical parameters and secondly, as a support to the diagnostics of experimental outcomes,
to have a better and detailed understanding of the physical processes, in particular of the ac-
celeration mechanisms and of the wake field structure, not directely accessible otherwise to the
experimental investigation.
The system of N plasma particles (electrons in the case of LWFA regime in a ionized gas jet)
interacting with a laser field, is described by the set of relativistic Maxwell-Vlasov equations,
where each particle tracks a characteristic of the (infinite-dimensional) phase-space distribution
f(x,p, t)). The particle (x(t),p(t)) phase-space coordinates satisfy the equations of motions
dp
dt
= F(x,v, t),
dx
dt
= v = cp/γ (1.52)
where F = q[EE + v ×B/c] is the Lorentz force acting on the particle with charge q and mass
m and γ =
√
m2c2 + p2 is the gamma factor. The (E,B) electromagnetic fields are sums of the
propagating laser fields and of the self-consistent plasma fields, namely the electromagnetic fields
generated by the particles current J(x, t) and charge ρ(x, t) densities. The global (E,B) fields
satisfy the Maxwell equations (Gaussian units are used here)
∂tB = −c∇×E, quad∇ ·B = 0, (1.53)
∂tE = ∇×B− c
4pi
J, quad∇ ·E = 4piρ. (1.54)
To have a closed system of equations, current and charge densities have finally to be assigned
using the distribution function of the particle coordinates f(xi(t),vi(t)). For a system of N
discrete point particles, N >>, this can be formally expressed by:
J(x, t) =
N∑
i=1
qivi(t)δ(x− xi(t)), ρ(x, t) =
N∑
i=1
qiδ(x− xi(t)). (1.55)
This system of equations provides a quite general theoretical frame-work to study the plasma
dynamics. The basic assumption is here that the plasma is collisionless, i.e. the two-body interac-
tions by Coulombian collisions are negligible and then fields generated only by collective effects
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are dominant (mean-field approximations). In a LWFA regime, with typical electron densities
ne ' [1018 − 5.1019]cm−3 and temperatures Te ' 100eV , this condition is surely satisfied.
A widely used numerical tool to investigate the system described by the Vlasov-Maxwell
equations is the PIC (Particle In Cell) method (Birdsall and Langdon, ’Plasma physics via
computer simulations’). It is designed to approximated the basic equations (1.52),(1.53), (1.54)
and (1.55) under the following conditions:
• The number N of point-like plasma partcles is sampled by a smaller but still sufficiently
large number M << N of finite size macroparticle, with charge and mass (q˜, m˜) so that
Mq˜ = Nq, Mm˜ = Nm (total charge and mass preserved) and with charge-to-mass ratio
equal to the one of a real particle. This is a key point in PIC modeling, since in a real
collisionless plasma the acceleration depends only on that ratio.
• The time derivatives in the equations of motions for macroparticles and fields are approx-
imated by centered finite difference scheme on a discrete time grid with size ∆t, allowing
to advance each variable from time level tn to time level tn+1 = tn + ∆t in only one step.
• The fields are discretized on a finite-dimensional grid, using NxNyNz grid points, and space
derivatives are approximated by centered finite differences. The particular Hamiltonian
structure of the Vlasov-Maxwell system allows to apply the same integration scheme (finite
differences of leap-frog type) for space and time derivatives, both for particles and fields
(’Yee lattice’). In this framework, the approximation made in a PIC code is second order
in time and space O(∆t)2, O(∆x)2.
• Finally, the δ() functions representation of point-particle coordinates is replaced by splines,
or shape functions, which allow to handle macroparticles as finite size particles, with sizes
related to the chosen grid cell (∆x,∆y,∆z).
Figure 1.5: Steps of an integration cycle of an electromagnetic PIC code. This image is taken
from F. Rossi’s Master thesis [34].
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In Figure 1.5 are reported the steps of an integration cycle of an electromagnetic PIC code.
A basic time cycle can be outlined as follows:
• field assignment from grid points to particle positions, for each particle;
• evaluation of the Lorentz force for each particle and one step evolution of momenta and
positions;
• macroparticle’s induced density charge and density current are evaluated on all the grid
points (this process is called deposition);
• time is advanced and fields are recalculated using Maxwell’s equations with density current
and density charge.
Even if leap-frog schemes have high degree of efficiency in the class of second order approxima-
tions and significant computational speed-up have been achieved by massively parallel computer
architectures, a PIC code still requires huge computational resources to assure reliable results.
The main problem is the big ratio between the largest and smallest time-space scales involved in
a typical LWFA regime for electron acceleration. In fact, on the one side , long integration times
T = Lg/c are required to follow the LWFA dynamics in a gas-jet, where Lg is in the mm− cm
range. On the other side, the smallest scale to be resolved is the laser wavelength, λ0 ' 1µm,
requiring nanometric cell size ∆x ' λ0/30 and then time step size ∆t ' ∆x/c, to keep dispersive
errors in wave propagation sufficiently small. The resulting total number of one-step operations
is then Ns = T/∆t in the 105−106 range. As an example, using 4096 cores of a massively parallel
system, like the Fermi supercomputer at the Cineca center, a 4mm−long integration entails days
of cpu time. This computational demand becomes proibitive is a systematic scan of physical
parameters to design optimal conditions for an experimental set-up has to be investigated.
1.8.1 Envelope model
To overcome these difficulties, a reduced model for laser propagation has been proposed ([35]),
which applies when the ratio  = λ0/Lslow << 1, where the slow scale Lslow indicates either
the plasma wavelength λp or the laser envelope sizes, i.e the waist w0 and the pulse length
Llaser. For plasma electron densities up to ' 1 − 2!019/cm2, laser waist w0 = 10 − 15µm and
length Llaser = 20 − 30µm, corresponding to TFWHM = 25 − 40fs, this approximation can
then be applied. Under the  << 1 condition, the envelope model is still implemented by a PIC
scheme, but a coarser space-time grid is now sufficient since the fast oscillation laser component
is averaged out and only the laser envelope or the plasma wavelength have to be resolved. The
overall speed-up obtained by this reduced PIC model with respect to a fully-resolution PIC
implementation can be estimated to be a factor in the 30− 100 range.
1.8.2 The Jasmine code
A second advance to reduce the PIC computational demand has been obtained by the Jasmine
code ([36]). The numerical simulations presented here for the gamma-resist project and the first
experimental outcomes, are in fact results obtained by this new code. Jasmine implements the
fully resolution PIC algorithms presented before, on parallel computers based on the graphics-
processing-units (GPUs) hardware. This implementation takes then fully advantage of the large
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speed-up obtained by a GPU-based architecture compared to the standard CPU-based system.
Moreover, GPU’s are very promising in perrspective, since currently they are doubling their
performance every 18 months, much faster than single core processors.
Chapter 2
Experimental activity
During my thesis I had the opportunity to join two different experiments dedicated to LWFA of
electron bunches, namely the γ-RESIST experiment and the table-top positron beam experiment.
In the γ-RESIST experiment, electron bunches generated via LWFA are scattered with a low-
intensity laser to produce X-rays via inverse Compton scattering. The experimental campaign
was held at the FLAME facility in the Laboratory Nazionali di Frascati (Frascati, Italy) and
lasted 8 weeks of which I participated four.
In the table-top positron beam experiment, electron bunches generated by LWFA are sent
through high density and high atomic number solid targets, where, due to radiative losses and
pair production, a leptonic beam containing both electrons and positrons is produced. These
two components are then splitted using a permenent magnetic dipole, thus allowing for the
creation of a very compact source of positron beams. The experimental campaign was held at
the Astra-Gemini facility in the Rutherford Appleton Laboratories (Didcot, UK).
2.1 Monochromatic γ-rays production using LWFA electron beams
2.1.1 Aim of the experiment and basic theory
High energy photons sources are very important in physics due to their wide range of applica-
tions in many areas, including nuclear physics research [37, 38] and radiological applications [39].
Among the various techniques to produce hard X-ray and γ-ray photons, two physical mecha-
nisms are commonly used, namely the so-called betatron radiation and the Thomson scattering
or inverse Compton scattering. Betatron radiation photons are produced sending an electron
beam inside a properly shaped magnetic field, where they are accelerated and consequently emit
radiation. Inverse Compton scattering sources of photons use an electron bunch and a counter-
propagating laser pulse. Electrons interacting with the electromagnetic wave oscillate, in their
reference system, at the frequency of the counter-propagating photons. The dipole emission of
the electrons, in the laboratory frame, will have an upshifted frequency which depends upon the
electrons relativistic γ factor.
Both these techniques require electron beams and the monochromaticity of the photon beam
strictly depends on the energy spread and divergence of the electron beam. Nowadays, electron
beams used in this context are produced by conventional accelerators, that have size of the
order of hundreds of meters and costs of the order of hundreds of millions of Euros. For this
17
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reason the possibility of producing good quality electron beams in a small scale (tens of meters)
and affordable cost, using all-optical techniques based on laser wake field acceleration, is very
interesting and is stimulating significant research worldwide.
γ-RESIST is one of the forerunners experiment using LWFA electron beams to produce hard
X-ray and γ-ray beams. The physical mechanism used here is the inverse Compton scattering
discussed above. Quasimonoenergetic electron bunches generated via LWFA are scattered with
an almost on-axis (αL=175◦, see Figure 2.1) counterpropagating laser beam. Typical electrons
and laser photons energy involved, respectively 100 MeV and 3 eV, imply that the scattering
process can be well described by the Thomson’s theory, which considers the electrons interacting
with the EM field of the laser and emitting dipole radiation in their rest frame due to their
induced motion. In the electron rest frame laser photons have an upshifted frequency given by:
ν ′ = γ(1− βcosαL)ν ≤ 2γν (2.1)
Where β = vec ' 1 is the normalized velocity of the electrons, αL is the angle between the
direction of the electron beam and the direction of the laser beam (see Fig. 2.1) and ν is the
frequency of the laser photons. Thus the electrons will oscillate (and so radiate) at this higher
Figure 2.1: Thomson scattering geometry. The scattered radiation is emitted along the z axis, in
a small cone of aperture 1/γ0. When αL = pi the backscattering geometry occurs.
frequency in their rest frame, and the most suitable geometry to achieve the highest frequencies
is using the laser counter-propagating, i.e. αL=pi. In laboratoy frame the radiation received from
the electron will result to be again upshifted of the same factor and so, observing the radiation
at an angle θ with respect to the electron propagation axis, the measured frequency will be:
ν ′′ = γ(1− βcosθ)ν ′ ≤ 4γ2ν (2.2)
This radiation will be emitted in a cone of aperture 1/γ due to the relativistic electron motion.
The temporal duration of this gamma-ray beam can be estimated as a convolution of laser pulse
duration ('100 fs) and electron bunch duration ('20 fs) and results to be of the order of 100-200
fs.
The choice of the experimental apparatus to measure gamma ray energy depends strongly
upon the energies involved. For this reason a preliminary run of electron acceleration was carried
out to define the LWFA working regime and the typical energy of the electrons. Results of this
preliminary experimental campaign are described in Chapter 3 and [4].
2.1.2 Experimental method
The γ-RESIST experimental set-up can be summarized in three main components:
Gamma-resist experiment at Laboratori Nazionali di Frascati 19
Figure 2.2: Picture of the underground shielded area.
• the laser system, a Chirped Pulse Amplification (CPA) [3], ultrashort pulse laser that plays
a two-fold role: is the driver of the laser-wakefield acceleration and is also the source of the
inverse Compton scattering pulse;
• the interaction chamber, where the laser wakefield acceleration of electrons and the inverse
Compton scattering occur;
• the diagnostics, used to measure properties of the electron and X-ray beams.
FLAME laser system
The FLAME (Frascati Laser for Acceleration and Multidisciplinary Experiments) laser system is
located at the INFN Frascati National Laboratories (LNF) and was fully commissioned in 2011.
The laser laboratory is developed on two floors: a ground floor which hosts the laser system and
the control room, and an underground radiation shielded target area, shown in Figure 2.2, which
hosts the laser pulse compressor and the interaction chamber.
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FLAME laser system uses 11 YAG laser pumps and 5 Ti:Sa crystals in order to deliver up to
7 J pulses at 10 Hz repetition rate, in pulses as short as 25 fs, resulting in a maximum power of
220 TW after pulse compression. The optical layout of the laser is shown in Fig. 2.3.
The FLAME laser pulse originates in a Ti:Sa oscillator medium at 80 MHz repetition rate
with a FWHM time duration of <15 fs, central wavelength of 800 nm and FWHM bandwidth
of 80 nm. These pulses are readily sent to the booster, a multi-pass amplifier that amplifies the
pulse before stretching, to improve the contrast ratio up to 1010 and increases pulse energy up
to 1 µJ. The pulse is then sent to the stretcher before being amplified. Temporal stretching is
the key technique in CPA laser systems [3] to achieve very high peak power laser pulses while
preventing damage to optical components. In fact, the laser pulse is stretched in the longitudinal
(pulse duration) direction , introducing a frequency chirp and reducing the peak power by a
factor of 104 or more. The pulse is then amplified, and only at the end of the amplification
process the pulse is recompressed reaching again the original tens of fs duration.
FLAME features four amplification stages, as shown in Figure 2.3. First amplification stage
uses a regenerative amplifier, that is a cavity with a Ti:Sa crystal where laser pulses are confined
in and amplificated until being abruptly sent-off at a 10 Hz repetition rate with 1 mJ per pulse.
The pulse is then further amplified by three so-called multi-pass amplifiers. In these amplifiers,
laser pulses energy is increased up to 25 mJ, 600 mJ and 7 J, respectively. Ti:Sa crystals of the
third and fourth amplifiers are pumped, respectively, with 1 and 10 Nd:YAG laser pumps, in
order to re-populate the excited level.
After the second amplifier, a fraction of the energy, typically 10%, is taken from the main
pulse and is sent directly out of the amplifier chain. This so-called probe pulse is also doubled in
frequency via a second-harmonic-generation (SHG) crystal, compressed and sent to a 6 m long
delay line before exiting the laser clean room.
Both probe and main pulse exit the clean room collimated with respectively 10 cm and 2.5
cm FWHM diameters and are transported in the underground shielded target area. Due to the
relatively low intensity of these beams (main is stretched in time and probe has 20 mJ energy),
they can be safely transported with no need of vacuum. CPA compressor is located inside a
vacuum chamber, because after this stage the laser pulse will reach intensities high enough to
have significant interaction with the air which can affect the intensity profile of the beam and
can also cause damage to the optics. For this reason the pressure in the compressor is kept below
10−7 bars. The laser is then optically transported under vacuum to a second vacuum chamber
which hosts only an f/10 off axis parabola used to focus the laser inside a third vacuum chamber,
the interaction chamber, up to a FWHM intensity spot of 15 µm. Considering all the losses due
to reflection and diffraction components, approximately 60% of the output laser energy reaches
the target, leading to a maximum peak intensity just below I0=1020 W/cm2.
The probe pulse is sent through a 1 m motorized delay line, and then enters the interaction
chamber.
During both the experimental campaign and the preliminary run at FLAME, only 6 YAG
pumps were used, leading to a pulse energy of 600 mJ after the compressor and so maximum peak
intensity I0=2·1019 W/cm2 and normalized vector potential a0=3.5. The limitation of the total
available energy was due to degradation of the wavefront at the focal spot at higher intensities.
For this reason the installation of an adaptive optic inside the compressor chamber is planned in
order to improve the wavefront.
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Figure 2.3: Optical layout of FLAME laser system.
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Interaction chamber
Laser-plasma experiments take place inside an under vacuum, additionally shielded and almost
spherical chamber of 80 cm diameter, which can be seen in the top left corner of Figure 2.2.
In the center of the chamber, mounted on a remotely controlled 3-D motorized translation
stage, there is a 10 by 4 mm rectangular supersonic Laval nozzle, connected to a high pressure
gas line via an external valve. The valve is used to change the backing pressure during the exper-
imental runs. Details concerning the nozzle and the density profile of the gas-jet are described
below in a dedicated paragraph.
The vacuum pressure in the chamber is kept below 10−7 bars and to do so two pumps are
used: a rotary pump to go down to 10−5 bars and a turbo pump, which allow to reach densities
of 10−8 bars and remains switched on during the experimental run in order to bring back to the
working pressure the chamber after each gas-jet cycle. The pumping time is around 20 minutes
and approximately 1 to 5 minutes, depending on the gas-jet backing pressure, to restore the
vacuum after a gas-jet cycle. This time also sets the maximum shot rate during operations. The
target chamber is equipped with 4 glass windows used to image the plasma and the electrons
produced during the interaction.
A crucial operation is matching laser focal spot with the gas-jet. In order to do so, the laser
is sent into the chamber at low energy (tipically few mJ) and its focus is located using paper to
stop the beam and an infrared viewer to visualize the spot size. The place at which the spot size
is lower is taken as the focal spot and the gas jet is positioned with its front edge on this position.
This matching operated at low power and in air only gives an approximate starting point. In
fact, when the chamber is closed and vacuated, components will undergo mechanical stress due
to the variation of the pressure and this will change the position of the focal spot by a fraction
of a mm or more. Also, increasing laser energy will change the focal spot position due to thermal
lensing in the laser amplifiers. For this reason further alignment via remote control is needed.
To detect the best matching region, a Na(Tl) scintillator crystal coupled with a PMT is used
outside the chamber to detect hard X-rays and γ-rays produced by a matched configuration. In
fact, when the focal spot is correctly located in the proximity of the gas, emission of hard X-rays
occurs due to the high laser intensity.
The most difficult experimental issue concerning the inverse Compton scattering configuration
is the spatio-temporal overlapping of the scattering pulse on the electron bunch accelerated in
the gas-jet. Since the electron bunch is expected to travel just behind the accelerating laser pulse,
we can approach this problem by monitoring the overlapping of the scattering pulse with the
main pulse.
Spatial overlapping is controlled by beam steering for accurate focal spot overlapping. In
contrast, temporal overlapping requires control of the relative timing with very accurate and
reliable delay lines with 10 fs resolution or more. To do this, two delay lines have been used: the
6 m long one (corresponding to 20 ns) placed in the laser room is used for coarse timing and a
smaller one of 1 m (3.3 ns) located in the shielded room and mounted on a micrometer 1-D motor
with µm (3.3 fs) precision used for accurate timing. Control of the temporal overlapping of the
two pulses on the temporal resolution required here (<10 fs) is however a very challenging task.
In our case we used a technique based on shadowgraphy, as shown in Figure 2.4. The scattering
pulse is imaged onto a CCD camera after propagation in the collision region where the gas jet is
present. When no main pulse is present, the scattering pulse will propagate almost unperturbed
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Figure 2.4: Set-up for the overlapping of electron bunches and probe laser pulse.
through the gas, due to its low intensity. In contrast, in the presence of the counterpropagating
main pulse, strong gas ionization and plasma formation will occur instantaneously. This plasma
will affect the propagation of the scattering pulse and this effect will show on the image on the
CCD as a perturbation of the beam cross section.
Indeed, using these technique, overlapping of scattering and main pulses have been obtained.
Temporal overlapping has been obtained for the scattering pulse onto main pulse imaging the
probe beam after its passage onto the gas-jet region, as shown in Figure 2.5, where is a sequence
of 4 images, taken at four different timings of the scattering pulse relative to the main pulse.
An image of an almost unperturbed beam means that the probe is arriving before the main,
while channel-like structures show that the probe scattering pulse is arriving after the main
pulse. These images clearly show the effectiveness of our technique to monitor the temporal
overlapping of the two pulses.
Nozzle and density profile of the gas-jet
In laser wake field acceleration experiments the gas-jet nozzle plays a crucial role, since it provides
the neutral gas that will be used to produce the plasma. Supersonic gas-jets are used because
of their very sharp-edged density profiles, which limits the presence of lower density gas in the
sorroundings that would affect laser propagation and perturb focal spot profile as discussed in
Section 1.2. The knowledge of the density profile of the gas-jet ejected by the nozzle is crucial
for predicting the energy of the accelerated electrons.
The nozzle used in the experiment described here was developed at JAEA (Japan Atomic
Energy Agency) [40]. Density profiles have been measured via Mach-Zender interferometry using
argon gas. This study could not be performed for Helium gas-jets because of the small refractive
index of He compared to Argon which, for the small nozzle size, gives a non detectable contribu-
tion to the phase shift in the interferometer. Results for argon gas are shown in Figure 2.6, where
the density profiles along the two main axes are shown for different backing pressures. According
to [40], since the gas flow dynamics in the nozzle mainly depends on Cp/Cv, which, for an ideal
gas, is the same for diatomic molecules, in the case of helium, the shape of the density profile
will be almost the same, with density uncertainties of the order of few percent.
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Figure 2.5: Temporal scan of the delay line. Going from left to right and from up to down, the
delay between the probe and the main increases and some structures become visible in the images
from the left propagating to the right. Each image presented is mediated over 5 acquisitions in
order to reduce statistical noise.
Main diagnostics
In the experiments, a set of ”diagnostics” have been used to follow laser propagation inside
the plasma, and to measure electron and γ-ray beam properties and average energy (magnetic
spectrometer and array of scintillator) have been used. Laser propagation inside the plasma is
measured detecting elastic (Thomson) scattering of laser light from plasma background electrons
in the direction perpendicular to the polarization plane of the incident laser radiation. Thomson
scattering images of the entire gas target region were taken with a colour CCD camera (Basler
Scuot color CCD camera [41]) placed outside the target chamber. In fact, a color CCD camera
enables direct visualization [42] of the laser pulse trajectory due to difference of the spectrum of
the Thomson scattered light, close to the laser wavelength of 800 nm, compared to self-emission
of the background plasma, typically at much shorter wavelength. During the experiment, these
images offer a guide to optimize the propagation of the laser pulse inside the gas-jet and to
adjust it shot-by-shot. These measurements are then used to estimate the laser depletion length,
an important parameter in laser-plasma acceleration.
Measurement of the properties of accelerated electrons are measured using a Kodak Lanex
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Figure 2.6: Gas-jet profile at the exit of the nozzle, 1 mm above the slit at different backing
pressure. This image is taken from [40].
fluorescent screen and a Basler Scout b/w CCD camera. Electron energy distribution is measured
using a magnetic dipole consisting of a 5 cm long, ”C” shaped permanent magnet of 1 T nominal
magnetic field. A detailed description of this magnetic spectrometer is given below in Chapter 3.
The magnet is mounted on a 1-D Micos motor system. Motors allows the magnet to be removed
from the electron path, to measure bunch divergence and pointing stability. The fluorescent
screen is placed perpendicular to the laser and electron bunch propagation axis, in the inner
surface of glass window. Green light is emitted on the opposite side due to energy deposited
inside the screen by the electrons, and this light is collected by the Basler Scout b/w camera.
A green filter is used on the camera objective to reject background infrared laser radiation and
detect only the light emitted by the Lanex. The camera is placed off-axis, to avoid damage due
to electrons and scattered ionizing radiations.
Detection and characterization of the inverse Compton γ-ray beam was planned to measure
angular and spectral distribution, using a range of detection techniques, including a CdTe(Zn)
detector arrays and NaI(Tl) crystal arrays coupled to optical CCD cameras. Preliminary mea-
surements were taken using the latter detection system. The crystal array consisted of 20×20
elements, 0.75 mm × 0.75 mm × 5 mm thick as shown in the image of Figure array. The array
was initially placed on the laser propagation axis and then it was verified that this position
corresponded to the average pointing position of the electrons, where inverse Compton photons
are expected to be emitted. The array was shielded and finally placed inside a lead collimator.
A Basler b/w camera was used to image out the light emitted by the crystal array downstream
the collimator.
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2.1.3 First signals from the crystal array
In a first, preliminary set of data, γ-ray signal was detected on the crystal array after the
optimization of scattering and main pulse overlapping discussed above. Since the pulse duration
of the probe is approximately 100 fs, a temporal scan with 20 µm steps was carried out using
the high resolution delay line, corresponding to a temporal scan of 67 fs. We found a maximum
signal on the crystal array for one position only and no signal for the other positions. These
circumstances can be considered a first candidate of the presence of inverse Compton scattered
γ-rays. It should be said that accurate measurements carried out later with proper shielding
and collimation showed that this signal could be predominantly originating from the residual
Bremsstrahlung radiation from accelerated electrons. Analysis of the data is still ongoing and
preliminary results are briefly presented and discussed here, also in view of future upgrades of
this detection technique. Also, these measurements show a first preliminary test of the working
principle of the detector itself. In order to estimate the energy of photons incident on the array
, one quarter of the detector was covered by 2 mm of lead and another quarter by 5 mm of lead.
Figure 2.7 shows on the left a scheme of the shielding and on the right the signal averaged
on 11 acquisitions with background subtracted. The image averaged over 10 null shots (i.e. shots
with no laser pulse) has been taken as background. The difference of the light flux coming from
Figure 2.7: Left: approximative scheme of the shielding of the different parts of the scintillator.
Right: signal from the scintillator averaged over 11 acquisitions and background subtracted.
the different-shielded regions of the array allow for x-ray energy retrieval and thanks to the
simultaneous information on the electron beam energy another information on the x-ray energy
can be obtained.
According to this procedure, the average energy of the γ-rays incident on the array is esti-
mated to be450±100 keV.
2.2 Positron production using LWFA electron beams
2.2.1 Aim of the experiment and basic theory
The aim of the experiment is the demonstration of a table-top operation of an all-optical positron
beam source and a neutral γe+e− beam. Both of these beams can have many applications. A
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table-top positron beam, for example, can be used in future e+/e− laser-driven colliders or
for nuclear physics experiments. Neutral beams, instead, are very important for astrophysical
laboratory experiments, due to their role, for example, in gamma-ray bursts (GRBs) [43].
A possible way to produce positron beams is to send an ultra-relativistic (γ>100) electron
beam through a converter solid target. The electrons will lose kinetic energy while interacting
with the converter nuclei predominantly via bremsstrahlung and e+e− pair production. In this
context it is useful to introduce the radiation length (Lrad), which is defined as the mean distance
after which energy loss due to bremsstrahlung reduces the electron kinetic energy with 1/e of
the initial energy. In the working regime of this experiment, Lrad can be approximated by [44]:
Lrad =
1
4α(Zα)2nλ2cL0
(2.3)
where n is the number of atoms per unit volume, λC = h¯/mc = 3.9× 10−11 cm is the Compton
wavelength and L0 = log(183Z−1/3)− f(Zα) with f(x) =
∑∞
l=1 x
2/l(l2− x2). Equation 2.3 pro-
vides the following values for the materials that will be employed in the experiment: Lrad(Cu)=
15 mm, Lrad(Sn)= 12 mm, Lrad(Ta)= 4.1 mm and Lrad(Pb)= 5.6 mm.
Positrons will be produced either via direct electroproduction (Trident process [45]) or via
two-step cascade process where the bremsstrahlung photon emitted by the electron then pro-
duces a pair. In general also higher order cascade processes may contribute to pair production,
depending on the ratio between the thickness of the target and the radiation length of the ma-
terial.
The expected dependance of the positron yield on the atomic number (Z) and solid target
thickness (d) is ∝Z4d2 in the case of two-step process and ∝Z2d for Trident process. So evaluating
the positron yield at different thicknesses and with different solid targets will allow for the
retrieval of the dominant process. The two step process is expected to dominate over the Trident
process if d/Lrad ≥10−2 [45], which is the typical situation in this experiment since the targets
are all thicker than 500µm.
So the expected divergence of the outcoming positron beam should be the one due to two-
step process only, which is 1/γe due to the ultrarelativistic electron motion. Wider emission of
positrons may reveal the occurrence of higher order cascade processes.
2.2.2 Experimental set-up
The set-up of this experiment is similar to the one described previously, the main differences
being the higher power of the laser pulse used and the different geometry of the gas-jet interaction
parameters. A scheme of the experimental set-up is showed in Figure 2.9.
Astra Gemini laser system
Astra is a laser system based on Ti:Sa amplifiers and Nd:YAG pumps which can deliver after pre-
amplification and three amplification stages, 31 mm FWHM diameter stretched laser pulses of
energy up to 1.2 J at a 10 Hz repetition rate. These pulses are then sent to the CPA compressor of
Astra target area for low intensity experiments (up to 1019W/cm2), or to Astra Gemini, where a
fourth large amplification stage is used for high intensity (up to 1022W/cm2) experiments. Laser
beams sent to Astra Gemini are expanded to 50 mm diameter during their 40 m path and are
split in two equal arms which will be each amplified by a Ti:Sa crystal pumped with 60 J, 527
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nm laser light produced by a Nd:glass crystal. The output pulses, 15 cm in diameter and 20 J
of energy, are then sent to the compressor reaching duration of 30 fs. The CPA compressor has
a transimission of 71%, so laser pulses exit with 14 J of energy and then go via vacuum wires
into Gemini Target Area, where laser-plasma experiments take place. Table 2.1 shows the laser
features more relevant to LWFA experiments, compared with values of the same parameters used
at FLAME for the experiments described here.
Feature FLAME Astra Gemini
Central wavelength (nm) 800 800
Focusing parabola f/10 f/20
Beam waist (µm) 7.5 10
Rayleigh length (µm) 275 490
Max energy after compressor (J) 4-5 15
Pulse duration (fs) 30 30
Pulse power on target (TW) 150 470
Intensity on target (W/cm2) 1.7·1020 3·1020
Table 2.1: Comparison between laser parameters of FLAME and Astra Gemini laser systems.
Gemini Target Area and the interaction chamber
The interaction chamber is 2 m long, 1 m high and 1 m wide and it is hosted in an underground
completely shielded room called Gemini Target Area which lies directly below Astra Gemini laser
room. This enables laser beams to enter the interaction chamber from the upper side, giving a
convenient 360◦ access to the chamber. Once inside, the 15 cm diameter laser pulse is sent to a
f/20 off-axis parabola mounted on a remotely controllable 5-D motor system. The five dimesions
are three translational, along the Cartesian axes, and two angular, the yaw, which is a rotation
around the vertical axis, and the pitch, which is a rotation around the axis transverse to both
vertical direction and laser propagation axis, as shown in Figure 2.8. This motor system is used
to match laser focal spot onto the gas-jet. Off-axis parabola focuses the pulse into a focal spot
of 20µm FWHM diameter inside the chamber, which is kept at 10−7 bars vacuum level using a
two-pumps system based on a first pump used to reach 10−5 bars and a turbo pump that brings
the pressure to 10−7 bars. This is the pressure used during the experimental run and, as in the
case of FLAME, it is restored after a few minutes after each gas-jet cycle.
Inside the chamber, a 15 mm diameter cilindrical Laval nozzle is connected by mechanical
pumps to an electronic system which remotely allows for selection of the backing pressure and
of the type of gas. The shape of the density profile of this nozzle is almost flat, with no major
density gradients inside. To limit overload of the vacuum pumps after gas-jet operation, the valve
opening time of the gas-jet was chosen as the lowest at which the gas-jet reached uniformity,
which was 21.6 ms.
In this experiment, two gas mixtures have been used, namely 99% H doped with 1% Ar and
99% He doped with 1% N. This because gas mixing with a higher Z species improves injection
of background electrons, as observed in the so-called ionisation induced injection mechanism
[46, 47, 48].
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Figure 2.8: Scheme of the five degrees of motion of the f/20 off-axis parabola.
Diagnostics
In this experiment several diagnostics were used both for the laser pulse and the plasma. Laser
diagnostics have been provided by the facility, while laser-plasma interaction diagnostics have
been mounted for this specific experiment.
In the CPA compressor of Astra Gemini, small beam samples are removed from each laser
pulse, through a little hole in final mirror, and are optically transmitted to a diagnostic table,
where its energy and its duration are measured, allowing for a shot-by-shot knowledge of the
laser parameters.
Regarding the plasma, Thomson scattering imaging, Mach-Zender interferometry, shadowg-
raphy and side scattering have been used. Thomson scattering imaging, accurately described in
Section 3.5, has been used to study beam channeling and plasma emission in the plane transverse
to the laser axis. Mach-Zender interferometry is an interference technique briefly represented in
Figure 2.9, where a ”probe” laser pulse is split in two beams of which only one passes through the
plasma and then these beams are recombined in a beam splitter, and the resulting interference
pattern allows for a direct measurement of plasma induced phase shift. Then, provided cylindri-
cal or quasi cylindrical simmetry of the plasma exists, density profile can be reconstructed using
Abel inversion.
Finally, four spectrometers similar to the one used in the γ-RESIST experiment and described
in Section 3.4, have been used to retrieve the spectra of low and high energy components of
both positron and electron beams. A 5 cm-thick collimator of 5 mm diameter allowed only
electron/positron beams with divergence lower than 20 mrad to pass through, and reach the
0.3 T permanent dipole. Particles are deflected depending on their energy and lanex screens
positioned at 45◦ with respect to laser axis are used to retrieve their traces, imaging particles
with energies in the range 50-180 MeV. After this magnet, along the laser axis, a second 10
cm-thick collimator of 15 mm diameter is positioned, removing all paricles diverging more than
20 mrad after the first spectrometer. The particles that pass through the second collimator, go
into a second permanent dipole of 1 T 30 cm long, which is coupled to lanex screens to detect
particles with energy in the range 400 MeV - 2.2 GeV.
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Figure 2.9: Scheme of the experimental set-up of the experiment. The black rectangular box rep-
resents the interaction chamber and the orange boxes indicate the different diagnostics.
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2.2.3 Experimental results
The analysis of the full experimental data is still ongoing. Here preliminary results are presented
following [49] and are briefly discussed. Experimental results are also compared with numerical
simulations performed with the nuclear physics Monte-Carlo scattering code FLUKA, which
accounts for electromagnetic cascades during the passage of an electron beam through a solid
target [50].
After several scans in pressure of the gas-jet (described in Section 3.7), stable production
of electron bunches with 600 MeV peak energy, 0.3 nC and 2 mrad divergence was achieved at
45 bars backing pressure with a gas-jet mixture containing 97% He and 3% N2, resulting in a
2×1018 /cm−3 electron density.
Using these electron bunches, positron production was investigated. Here we discuss results
relative to Pb converter solid target discussed in details, while other converter materials showed
similar behaviour. Pb radiation length is Lrad '0.56 cm, and targets of thicknesses, d, equal to
multiples of Lrad have been chosen (0.5, 1, 1.5 ,2, 2.5, 3 and 4 cm). The number of electrons
outgoing the target descreased when incresing thickness, while the number of positrons present
a peak at 1 cm and then decrease. Outgoing beam has a fration of positrons that increases with
d, until reaching 50% when d ≥2.5 cm, as shown in Figure 2.10. For higher values of d beam
Figure 2.10: Ratio of positrons in the quasi-neutral beam as a function of the thickness of the lead
converter.
neutrality is preserved, but mean energy of the particles decreases. So in the case of d=5Lrad
neutral beams with the highest energy and highest density are produced.
In the case of d=2.5 cm, FLUKA simulations predict neutral beam transverse size D'220 µm
and, assuming that the neutral beam has a duration comparable with the laser pulse duration,
the longitudinal extent of the beam should be l=12 µm, thus leading to a beam lepton density
of nl=8×1015 cm−3, using the experimental data for the charge. Simulated beam divergence
fluctuates between 10 and 20 mrad.
An example of experimental lanex raw data is reported in Figure 2.11. This example is
relative to the case of 5 mm of lead, where the outgoing beam is made of 90% electrons and 10%
positrons.
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Figure 2.11: Lepton beams produced using a 600 MeV electron beam sent through 5 mm of lead.
Raw experimental images of the fluorescent screens coupled with reconstructed and simulated
spectra are shown. On the upper side is represented the outgoing electron beam and on the lower
side the outgoing positron beam.
Chapter 3
Study of the electron beam properties
In this chapter an analysis of the electron bunch properties produced in a preliminary run of the
γ-RESIST experiment is presented. In this preliminary run, the main objective was to find the
best conditions for reliable and reproducible production of LWFA electrons. Beam divergence and
pointing stability were measured via imaging of the emission of the electron bunch impact on a
scintillating screen (Lanex). Bunch spectral properties were retrieved in the same configuration,
but adding a permanent magnetic dipole along the beam pat. Laser propagation inside the plasma
was studied imaging elastic (Thomson) scattering perpendicular to the laser polarization plane.
In addition, the analysis of the electron bunches produced in the Astra-Gemini positron
production experiment introduced in Section 2.2 is also presented and the results are compared
with the ones obtained at FLAME.
3.1 Post-processing of the lanex images
As discussed in Section 2.1, a Lanex scintillating screen has been placed perpendicular to the
electron bunch propagatione.A CCD camera was placed outside the electron propagation axis,
looking directly to the lanex screen. The images of the Lanex emission require a post-processing
of the raw data to retrieve bunch properties. Figure 3.1 shows on the left side the raw false color
image of a typical electron spectrum. The right side of the same image shows the same spectrum
after processing and calibration. Post-processing software was developed inMATLAB c©, which
is widely used in the community and makes it easy to compare, benchmark and share results.
To recover the original image and take into account the effect of perspective as in the case of
the image reported in Figure 3.1 (right), I used the function imtransform, which takes the four
vertices of the original image and puts them in the requested positions, including the new image
in a quadrilatelar of selectable horizontal and vertical pixel size and interpolating the pixel values
with cubic convolution interpolation [51]. Initial tests of this procedure on some images showed
that it is crucial for the intensity shape of the pixels that the transformed region of interest
(ROI) has the same size of the original one in the raw image. The addition of only one extra
row to the ROI can cause intensity fluctuations as high as 9% on a single pixel. Still on test
images, a procedure to estabilish the right size has been validated: first the lanex pixel size on
the raw image has to be measured, then by geometrical considerations the size of the processed
image has to be evaluated in order to preserve the lanex size. Finally, different trials slightly
changing the number of columns and rows of the processed image (of no more than ±2) were
33
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Figure 3.1: Left: Raw image in false colors with average energy on the dispese axis. Right: Pro-
cessed image in false colors with average energy on the disperse axis.
Figure 3.2: Example of median algorithm applied to the a pixel of the image.
performed, in order to find for which configuration the image obtained by applying the inverse
transformation to the processed image was closest to the raw image. The difference of the pixel
intensities between the raw image and the “retrieved raw image” is used as uncertainty on the
pixel value of the processed image and in the worst case is of the order of 0.4%.
Some of the images were characterized by little bright spots, usually referred as “salt and
pepper noise”. These images were preliminarly processed with themedfilt2 function of MATLAB,
which replaces the value of each pixel with the median value of its neighborhood, as shown in
Figure 3.2. In some cases, this function has been applied more than once to a single image.
This procedure adds uncertainty on the pixel intensity. To estimate it, one way is to consider
the maximum difference between a pixel and the median of his neighborhood. This difference is
higher at the edges of the beam and strongly depends by the type of image. A rough-worst-case
estimate can be done considering a narrow-5 pixels by 50 pixels long strip with sharp and ragged
edges. In this situation the uncertainty on the total intensity is 20% and the uncertainty on
a single column is 47%. In this worst case the application of further median filtering will not
deteriorate further the image.
In the experiment, during the entire parameter scan of experimental laser and plasma pa-
rameters, electron beam charge fluctuates up to 2 orders of magnitude. Therefore, a large range
of intensity is needed for the detection. However, in some images, partial pixel saturation was
observed. In these cases two different approaches can be used: either a lower limit estimation of
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the signal is considered, where saturated pixels are considered as they are, or a reconstruction of
the “true image” is carried out interpolating the profile with the typical distribution observed in
the other images.
To retrieve the size of each pixel on the Lanex plane, the simplest approach is to just divide
the area on the image by the number of pixels, i.e. consider each pixel of the image corresponding
to the same Lanex surface. A more rigorous approach is to estimate the pixel size by measur-
ing a known lentgh (i.e. reference mark) at different positions in the Lanex, and then linearly
interpolate to find the lanex surface portions corresponding to each of the pixel present in the
image.
Another effect that has to be considered is that since the Lanex emission is isotropic and
the collected intensity follows the Lambertian’s cosine law, the region of the Lanex farther from
the CCD will appear darker due to the different viewing angle of different areas of the Lanex.
The worst case scenario, calculated assuming the maximum difference of viewing angle in our
case, gives a difference of intensity of 8.5%. Correction of this effect has been considered using
the appropriate cosine factor in the recostruction of each pixel, at the price of an higher (though
affordable) computational cost.
The last effect that I considered in post-processing is the dark noise of the camera. This noise
can be estimated by measuring the average signal of a null shot in the region where lanex is
imaged. This analysis showed an additional absolute uncertainty of 0.4%.
So the total uncertainty on the pixel intensity of an un-median-filtered image is:
I = PP + DN + Iθ ≤ 9.3% (3.1)
This implies that the processed images have a sub-percent precision on the intensity of each
pixel.
3.2 Charge retrieval
Since the Lanex emission intensity is proportional to the number of incident electrons, the sig-
nal emitted, S, is directly proportional to the bunch charge, C, i.e. S=αC. To estimate this
proportionality factor, α, I used the approach of Glinec et al., described in [52]. The steps are
the following: 1) estimate the fraction of energy released by an electron in the interaction with
scintillating screen and the subsequent emission, 2) calculate the fraction of ligth which reaches
the imaging CCD and finally 3) find out how many photons are needed to create one count on
the image.
According to Figure 3.3 it is possible to retrieve the fraction of energy released, and assuming
electrons between 50 MeV and 1 GeV this fraction is Erel=49.0±1.5 keV, where the error is
evaluated as half difference between the highest and lowest values above 50 MeV in Figure 3.3.
In principle not all this energy released to the screen will be converted as green light. Glinec
et al., measured this intrinsic energy conversion efficiency using three monochromatic electron
beams produced by conventional accelerators with known energies.
They found =16±2% and the light emitted will be monochromatic with 546 nm wavelength
(green light). This light will be emitted within the entire screen thickness all the lanex screen
and so the photons will undergo scattering inside the medium and at the boundary with the air.
It follows that not all the light emitted will escape and this escaping fraction has been estimated
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Figure 3.3: Energy released by the electrons in the Lanex screen estimated by [52] using Monte
Carlo simulations.
by Radcliffe et al. [53] at different phosphor load densities. In our case ξ=0.22. So, finally, the
number of photons emitted by the screen is:
Nem
Ne
=
Edep
hν
ξ ' 0.75± 0.12 (3.2)
where Ne is the number of incident electrons and hν=2.3 eV is the energy of the green light
photon emitted at λ=546 nm.
Once discussed the light emission, we consider the light collection by the imaging system.
According to Giakoumakis and Miliotis [54], the light emitted by the screen has an angular
distribution close to Lambertian’s cosine law, and they point out that the angle of incidence of
the electron has no important influence. The fraction of ligth collected by the imaging system
is given by the solid angle subtended by the objective of the camera. The objective was circular
with 1 cm diameter and the camera was 75±15 cm far from the emission screen, thus leading
to a solid angle of collection Ω=2.18±1.31·10−3 sr. Before reaching the CCD, the light collected
has to pass through three different filters, two objective lenses of transmission factor qL = 0.95
and a green interference filter of transmission factor qIF = 0.2, estimated in [52]. So the number
of photons that reach the CCD, NCCD is:
NCCD = Nem
cos(θCCD)
pi
Ωq2LqIF ' 0.114± 0.75 ·Nem (3.3)
where θCCD is the angle between the imaging lens and the perpendicular to the lanex screen
(laser propagation axis) and cosθ/pi is the normalized cosine Lambertian law.
The last efffect to be discussed is how the light that hits the CCD is converted into electronic
signal. For the Basler Scout camera used in the experiment [41], the fraction of the energy
received that is converted in electic signal is QE=0.66 (quantum efficiency). It is possible to
choose from the software of the camera how many electrons have to be produced to make one
count in the image pixel (gain, G). During the experiment, typical values for the gain were in the
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range 200-320. So the relation between a count on the image and the number of photons that
hit the CCD pixel is:
I(i) = NCCD(i) ·QE ·G (3.4)
where i refers to the i-th pixel of the CCD. Combining all the equations, an intensity-charge
relation is obtained:
I(i) = ·QE ·Gcos(θCCD)
pi
Ωq2LqIF ·Nem
Edep
hν
ξ ·Ne(i)· ⇒ charge = #counts ·2.7±1.8 pC (3.5)
This large error, approximately 67%, accounts mainly for the uncertainty on the gain set for the
images. In future experiments it can be reduced up to 5% which is the sum of the uncertainty on
the energy deposited by the electrons in the lanex and the uncertainty on . In the case of images
of spectra, i.e. Lanex imaged with magnet inserted, the uncertainty on the energy deposited can
be further reduced since the energy deposited can be directly estimated from the plot presented
by Glinec for the measured electron energy, thus leading to an uncertainty on the charge of 2%.
3.3 Measurement of divergence and pointing stability
Beam divergence is defined as the HWHM of its intensity profile and is usually measured on two
axis belonging to the plane transverse to the propagation of the electrons (typically the vertical
and horizontal axes of the lanex screen). Beam divergence is one of the crucial parameters for
the quality of an accelerated beam, both for high-energy physics and for medical/industrial
applications.
Beam pointing stability is defined as the standard deviation of the position of beam peak
intensity over the shot set , and, along with beam divergence, is an important parameter to be
estimated, as will be discussed later in Section 3.4.
Depending on the electron density and on the laser intensity, different accelerating regimes
can take place in the laser-plasma interaction, leading to bunches with different structures and
profiles, as discussed in Section 1.6. In these experiments, changes of gas density and atomic num-
ber, and focusing condition, allowed three different bunch structures to be observed: hill-shaped
electron sprays, characterized by high divergence, high beam charge and lower energy, collimated
bunches, characterized by low divergence, lower beam charge and higher energy and collimated
multi-bunches. Figure 3.4 shows examples of these three typical situations. The transition be-
tween spray and collimated bunch is observed to be very sharp, and occurs when optimizing the
focal spot position along the gas target by a few hundreds of µm or less. The spatial resolution
of our image acquisition system is limited by the area of the lanex screen corresponding to each
pixel, evaluated in Section 3.1.
3.3.1 Beam divergence
Experimental data showed that beam divergence was much affected by the gas-jet backing pres-
sure, i.e. from the plasma electron density. This observation is consistent with observations re-
ported in [55], although in our case different gas density profile was used. Figure 3.5 shows the
histograms of vertical divergence relative to 15 bar backing pressure.We consider an average
divergence defined as the average on the data sample and an error on the average given by the
standard deviation of the data set. Results are summarized in Table 3.1. At 8 bars the divergence
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Figure 3.4: Left: Example of electron bunch image obtained at 8 bars backing pressure before
optimization. A spray of electrons is visible around the central spot. Spectral analysis of events
like this shows that electrons have typically very high charge and low energy, below 50 MeV.
Center: Example of a single-collimated electron bunch at 8 bars backing pressure. Right: Example
of multiple (two) bunches obtained at 15 bars backing pressure.
Pr. (bar) Div. X (mrad) Div. Y (mrad)
5 38±10 37±9
8 2.4±1.7 2.4±1.8
15 2.4±1.6 2.6±1.2
Table 3.1: Average beam divergences at different backing pressures.
is slightly lower than in the case of 15 bars, while at 5 bars the divergence is a order of magnitude
higher. In other experiments in similar regimes [55] divergences were of the order of few mrad.
Figure 3.5: Histogram of the vertical divergence of the sample at 15 bars.
3.3.2 Pointing stability
Stability of the pointing has been evaluated considering the intensity peak of the collimated
bunches, taking the position and considering the standard deviation of the data set as pointing
instability, since the positions showed an almost Gaussian distribution. At 15 bars multiple beams
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Figure 3.6: Ponting position of all the shots taken.
were present on the Lanex in approximately a half of the shots. In these cases only the beam
closest to the average pointing was considered. The uncertainty on the pixel size is taken as the
uncertainty on the pointing measurement. Results are reported in Table 3.2. At 8 and 15 bars
Pr. (bar) Point. X (mrad) Point. Y (mrad)
5 2.9±0.2 1.5±0.2
8 18.7±0.9 17.2±1.6
15 11.1±0.6 9.1±0.8
Table 3.2: Beam pointing at different backing pressures.
we observe a pointing instability higher than the beam divergence, which is in agreement with
other experiments [55]. At 5 bars we observe the better stability, while at 8 bars the worst (see
Figure 3.6). It is observed that in any of the three cases the pointing stability along the vertical
direction is better (smaller standard deviation) when compared to the horizontal direction. These
few mrad divergences are in line with the typical optimized LWFA results found elsewhere and in
agreement with the estimated 10 mrad divergence measured in the preliminary run at FLAME
[56].
3.4 Spectrum retrieval
Electron bunch spectra have been evaluated inserting a permanent magnetic dipole with constant
magnetic field along the electron beam path before their impact on the Lanex screen. The presence
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Figure 3.7: Geometry of the magnet used for spectrum retrieval at FLAME.
of the magnetic field perturbs the electron motion according to relativistic Lorentz force:
γmex¨ = −ex˙×B (3.6)
and so the presence of a constant magnetic field perpendicular to electron motion will deflect the
electrons along the direction perpendicular to both the laser propagation axis and the magnetic
field, according to their energy.
The resulting Lanex images shows the electrons dispersed along the x axis according to their
energy. Integrating the signal along the undisperse axis and calculating the electron deflection
from the unperturbed impact position allows the energy distribution of the electrons in the bunch
to be retrieved. The equation that links electron deflection with its energy is the so-called the
dispersion curve. Clearly, small scale structures of the magnetic field intensity and direction
will lead to non-trivial trajectory deformations, leading to an error in the recostruction of beam
spectrum. For this reason the highest the knowledge of the field, the lowest will be the uncertainty
on the retrieved spectrum. For this reason the magnetic field, whose nominal value was 1 T, has
been first directly measured with a magnetic probe and then simulated using the software Radia.
3.4.1 Measurement of the magnetic field
The permanent dipole used at FLAME consists of two, high intensity Nd magnets, mounted
in a C-shaped iron with a 6 mm gap of quasi-uniform magnetic field as shown in Figure 3.7.
The field intensity in the gap was measured by Hall probe of 2 mm by 2 mm size with 0.3%
uncertainty. The probe has been mounted on a 3-D motorized translation system in order to have
more precise measurements. This allowed magnetic field intensity to be measured only along the
vertical direction, yˆ. Distortions of the field, if any, could not be detected, but considering the
very small gap compared to the entire surface, they are expected to be small. Magnetic field has
been measured on 5 different planes, distant 2 mm from each other, along y, in a 2 mm by 2 mm
grid at each plane xˆ-zˆ, resulting in 208 points per plane.
Figure 3.8 shows the measured vertical component of the magnetic field, By , in the plane at
the center of the magnet, where electron trajectory is set. In particular, Figure 3.9 (left) shows
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Figure 3.8: By in the plane at the center height of the magnet.
By along the laser propagation direction inside the magnet, which corresponds to the electron
beam most probable path. As it is possible to observe in Figure 3.8 and 3.9, the measured field
is very close to a top-hat function, so the electron motion can be well approximated using the
SCOFF (Sharp Cut Off Fringing Field) approach, described in [57, 58]. This approach relies on
the use of a constant equivalent, step-shaped, magnetic field B0 with the same length of the
permanent dipole, given by the average of the measured field:
1
l
∫ ∞
−∞
B(x)dx = B0 (3.7)
where l is the length of the magnet and B0 is the constant field used for the calculations. The
SCOFF field evaluated is reported in Figure 3.9.
Although the direct use of SCOFF approach should be accurate enough, a more precise
evaluation of the field has been done using the software Radia.
3.4.2 Retrieval of the dispersion curve using the SCOFF approach
The retrieval of deflection-energy relation in the case of a constant magnetic field pointing in a
direction perpendicular to the electron motion can be done starting from eq. 3.6 and rewriting
it as:
mγω × v = qv ×B with ω = qB
mγ
(3.8)
Electron motion inside a constant magnetic field is a circular motion on the plane perpendicular
to the magnetic field of the form v⊥ = ω×R, where |R| is the radius of the circle. From eq. 3.8
follows:
p⊥ = mγω ×R ⇒ |p⊥| = mγ|ω||R| = e|B| ⇒ |R| = |p⊥|
e|B| (3.9)
According to the geometry reported in Figure 3.10, it is:
γ = arccos
d−Rsinα
R
(3.10)
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Figure 3.9: By along the laser axis. The measured field is the red line, while the blue dashed line
is the SCOFF approximated field.
where α is the beam divergence and d−RsinαR = PB. From eq. 3.10 it is possible to retrieve the
deflection angle β:
β =
pi
2
− γ = pi
2
− arccos
eBc(d− a√E2−m2c42BcLq√
E2 −m2c4
 (3.11)
In the case a=0 it is possible to estimate the lowest energy needed for an electron to escape from
the magnetic field:
Eesc =
√
e2B2c2d2 +m2c4 ' eBcd (3.12)
that is equal to 15 MeV for FLAME magnet set-up. From eq. 3.11 is possible to retrieve the
impact position:
x(E) = OD +Dtanβ (3.13)
where
OD = −a+AC −
√√√√E2 −m2c4
B2c2e2
−
(
d− a
√
E2 −m2c4
BcLe
)
(3.14)
Using some trigonometry and the relation AC=R(1-α) an explicit expression for x(E) is obtained:
x = −a−
√√√√E2 −m2c4
B2c2e2
−
(
d− a
√
E2 −m2c4
BcLe
)
+
(
1− aL
)√
E2 −m2c4
Bce
+
+
BcDe
(
d− a
√
E2−m2c4
BcLe
)
√
E2 −m2c4
√
1−
B2c2e2
(
d−a
√
E2−m2c4
BcLe
)2
E2−m2c4
(3.15)
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Figure 3.10: Graphical representation of the geometry of the spectrometer.
this equation is called dispersion curve and can be solved numerically for each pixel of the
image on the Lanex screen. From the knowledge of beam divergence, pointing stability and
average pointing, it is possible to reconstruct the spectrum and evaluate the range of energy
detectable for a given gas-jet pressure. The lowest energy detectable is evaluated considering
an electron hitting the edge of the lanex screen and lowering its average energy by divergence
and pointing stability effects, while the highest measurable energy is evaluated considering a
deflection equal to the sum of beam divergence and pointing stability. So the energy range were
64-450 MeV in the case of 8 bars and 60-740 MeV in the case of 15 bars. Higher energies will be
unresolved as deflection would be too small compared to the pointing stability figure.
3.4.3 Retrieval of the dispersion curve using the software Radia
Radia is a software package built on C++ and interfaced with Mathematica. It has been de-
veloped by the European Synchrotron Radiation Facility in order to solve some physical and
technical issues due to the development of Insertion Devices for Synchrotron Light Sources [59].
It is a 3D magnetostatics computer code that can calculate the magnetic field of a given struc-
ture. Thus, the first step is the definition of the permanent dipole structure. In order to do so,
Radia allows for the creation of solid elements of polygonal shape of a specific material. Radia
library contains a large number of materials, but the software allows also for the definition of
new materials.
In this simulation, a permanent dipole with the same geometry and materials of the one
used in the FLAME experiments has been constructed, and it is shown in Figure 3.11. After
this preliminary procedure, the software is used to determine the field line intensity in the entire
magnetic structure. The crucial point here is that the field generated with Radia has to match the
measured field, in order to model accurately the motion of the electrons through this magnetic
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Figure 3.11: Left) Reconstruction of the permanent magnet with Radia. The iron support is
coloured in red, while the permanent magnets are in gray. It is possible to see the segmenta-
tion of the structure, that is fundamental to a correct evaluation of the magnetic field. Right)
Magnetization vectors of each element of the manget. It is possible to see how the field is along
yˆ in the empty region and how field lines are closed by the iron structure.
field.
Radia calculates the magnetic field in each element of the structure, by considering its mag-
netic susceptibility and the magnetic field coming from the other elements. Each element is
assigned a magnetization vector and then a relaxation procedure is applied to the system, where
each magnetization vector is multiplied by the interaction matrix until either the requested preci-
sion or the maximum number of iterations is reached. In the simulation presented here, a precision
of 10−4 T and a maximum number of 10000 iterations have been used. In order to increase the
precision of the evaluation of the fields, Radia allows for the subivision of each element. The
higher the number of elements, the greater the accuracy of the simulated field will be, compared
to reality, but at the same time the computational time will increase exponentially with the
number of elements. In this simulation the magnet has been divided into 13565 components, as
can be seen in Figure 3.11, along with the magnetization vectors of each element. It is interesting
to observe how the field lines are closed inside the structure and how they are perpendicular to
the magnet surfaces in the gap where electron trajectory occurs. Figure 3.12 shows simulated and
measured fields in the plane at z=0. Simulated and real fields are very close to each other and
a sampling of projections along directions parallel to zˆ confirmed that the maximum differences
are of the order of few %. So it makes sense to construct a dispersion curve using this magnetic
field and Radia particle trajectory function, which simulates the motion of a test electron in the
simulated field. Seven initial electron parameters have to be given as an input to the function:
electron energy, velocities along the two transverse directions, the 3-D point where the particle
starts its motion and the arrival position along the laser axis. Furthermore, the number of desired
sample points along the trajectory has to be given, since Radia evaluates the electron path only
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Figure 3.12: Left) By measured in the y=0 plane. Right) By simulated in the y=0 plane. All the
measures are in mm.
in a finite number of positions, where Lorentz’s force is locally calculated and the particle moves
with that acceleration to the new position, where the force will be again recalculated.
The dispersion curve relative to the simulated field is plotted in Figure 3.13 where it is
compared with the one evaluated with the SCOFF approach.
The convenience of particle tracking in this simulated field is principally due to the fact that,
when considering diverging beams, any magnetic field components along zˆ or xˆ are implicitly
taken into account in the calculations. These transverse components, depending on their magni-
tude and orientation, may spread out or compress the electron beam, and this effects cannot be
taken into account considering only By.
To have an estimate of the error due to beam divergence regarding the reconstructed energy,
electrons with different initial transverse velocities have been considered. Figure 3.14 shows the
dispersion curve of an electron with an initial 10 mrad off-axis angle from laser axis along both
xˆ and zˆ. Figure 3.15 shows the dispersion curve of an electron with an initial -10 mrad off-axis
angle from laser axis along both xˆ and zˆ.
Finally, Figure 3.16 shows one of the effects of transverse field: electrons with initial trajectory
along the laser axis are systematically deviated along the transverse direction zˆ.This effect is
very small, much below the experimental uncertainty, but is very meaningful since it explain the
crucial improvement reached using magnetic field simulations.
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Figure 3.13: Comparison between simulated and SCOFF approximated dispersion curves. The two
curves result almost completely overlapping. Energies are in GeV and deflections in mm.
Figure 3.14: Dispersion curve in the case of a 10 mrad initially divergent beam along both the
transverse directions. It is possible to see how in this case the SCOFF approach over-estimates
electron energy.
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Figure 3.15: Dispersion curve in the case of a -10 mrad initially divergent beam along both the
transverse directions. It is possible to see how in this case the SCOFF approach under-estimates
electron energy.
Figure 3.16: Unpredicted deviations of the electrons along zˆ transverse axis. This effect is due
to transverse components of the magnetic field that have not been measured experimentally and
although they are well below experimental resolution, it is a clear example of why a vectorial
simulated field is preferrable to the measurement of a projection of the real field.
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Figure 3.17: Example of spectrum image in the case of 8 bars backing pressure.
3.4.4 Bayesian unfolding
To improve the quality of the spectra and take into account the effects of beam divergence,
Bayesian unfolding can be applied to the images. This technique relies on the hypothesis that
an ideal monochromatic bunch will not appear as a spot on the image, but will have a finite
distribution in space. This distribution is called the point-spread-function (PSF) and so the image
acquired is given by the signal convolved with the PSF:
I(x, y) =
∫
S(x′, y′) ∗ PSF (x− x′, y − y′)dx′dy′ (3.16)
The crucial point in this method is the evaluation of the PSF, and in this step accounts for all
the physics relative to the spreading process. For a better evalutation of the spectra, the PSF
should represent as much as possible a monoenergetic beam.
Figure 3.17 shows a typical spectrum image. From images like this it is possible to measure
the divergence of each ”monochromatic” component along the non-dispersive axis. As can be
seen in the image, beam divergence is almost constant along the strip. This, along with the fact
that horizontal and vertical divergences are almost comparable, as discussed in Section 3.4.6,
suggests that a possible PSF can be a monoenergetic beam with equal x and y divergences given
by the measured divergence along the non-dispersive axis. For the sake of clarity, from now on,
the deconvolution procedure will be described for the beam reported in Figure 3.17.
Figure 3.18 (left) shows a fit of a beam transverse shape. As it it possible to see in the Figure,
the peak, corresponding to the beam transverse profile, is well-fitted by a Gaussian function. The
background has been fitted with a constant value, thus leading to a fit function:
F (y) = 255 · e−(x−44.84)
2
2·0.8152 + 16.77
Using the parameters returned from the fit, a Gaussian PSF has been defined. PSF is represented
in Figure 3.18 (right). Deconvolution of Figure 3.17 with this PSF returns the image presented in
Figure 3.19 (right). According to this figure, deconvolution has compressed the beam along both
transverse directions and, at the same time, has slightly increased the intensity in the central
region, leading to more peaked profiles. In conclusion, this procedure allows for a net reduction of
the measured vertical divergence ('10%) and a slight reduction of the measured energy spread
('5%).
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Figure 3.18: Left: Example of transverse intensity profile taken from Figure 3.17. Right: Resulting
PSF. )
Figure 3.19: Left)
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Figure 3.20: Left) Electron beam ”cutted” by the lanex screen due to its too low energy. Right)
Spectrum of this beam. It is possible to see how the intensity peak is cutted on the left side. The
valley in the middle of the peak has no physical meaning, it is due to a black reference on the
lanex screen and is present in all the lanex images.
3.4.5 Beam reconstruction algorithm
Due to its finite size and to the format of the images acquired, the spectrometer may induce a
wrong retrieval of beam properties. Infact, for example, if a beam has too low energy (70-90 MeV,
see Figure 3.20) a part of it can be cut by the lanex screen, thus leading to a wrong measurement
of beam energy spread. Another wrong retrieval issue arises due to the finite size dynamic range
of the image. In the case of a very high charge bunch, the light emitted by the lanex can be
high enough to saturate some of the pixels. This effect will lead to a flattening of the intensity
profile of the beam, thus leading to a broader energy spread retrieved, a broader divergence, a
lower charge and a possible mismatch of the energy peak. To account for these issues, a possible
approach is the reconstruction of the saturated part of the profile. the reconstruction of the
missing part is necessary. In the case of a beam whose peak is strongly distorted due to image
saturation, since thousands of experimental data are available, the image is discarded.
In the case of moderate pixel saturation, usually regarding no more than ten pixels over,
usually, 100 strip pixels, the slope of the last five pixels of the left side and the one of the right
side of the saturated peak are continued until the intersection, thus making a reconstruction of
the beam.
3.4.6 Experimental results
The retrieved electron spectra showed different shapes and here different features regarding them
are analyzed.
Beam structures
During these analysis of the whole set of FLAME data, depending on the laser and target
interaction conditions used, three main beam shapes have been identified: broad spectral beams,
quasi-monoenergetic beams and multiple beams. Figure 3.21 shows some typical examples of
all the three types of accelerated bunches and the relative energy spectrum. Broad spectral
beams were the most common spectra observed and tipically extended up to the lowest energy
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Figure 3.21: Different beam structures observed during the data analysis. On the left Lanex emis-
sion image and on the right the retrieved spectrum. Up: An example of broad spectral beam.
Center: An example of quasi-monoenergetic beam. Down: An example of multiple beams.
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Figure 3.22: Highest energy shot ( >450 MeV), obtained at 8 bars.
detectable, while still keeping sufficiently high signal. Quasi-monoenergetic peaks have been
observed at both the backing pressures and usually showed energies significantly higher than the
case of flat beams. Multi-beams have been observed practically only at 15 bars backing pressure
and at the maximum laser intensity
Peak electron beam energy
Peak beam energy is defined as the energy relative to the intensity peak in the spectrum. This
parameter is important for applications because, for example, if a monochromatic beam is needed
and downstream spectral selection, if applied, this value represents the energy at which the higher
charge can be cut from the bunch and used. Highest peak energy was achieved in the case of
8 bar and presented significative shot-by-shot fluctuations. Interestingly, the absolute maximum
peak energy detected during the experimental runs at FLAME so far is beyond the maximum
energy that our magnetic spectrometer can resolve and was obtained at 8 bars backing pressure
(see Figure 3.22).
Mean beam energy
Mean beam energy is defined as the weighted average of the electron energy:
Emean =
∫ Emax
Emin
E · I(E) · dE∫ Emax
Emin
I(E) · dE
(3.17)
and is a useful parameter to determine the laser-plasma accelerator efficiency in terms of charge
and, ultimately, the dose deposition of such an electron beam.
Cut-off energy
Cut-off energy is defined as the maximum detected energy whose signal is higher than 1/6 of the
intensity peak, which is the lowest ratio at which the corresponding signal is three times higher
than the noise in each sample. This parameter can be useful for applications that require the
highest electron energies.
Beam charge
Beam charge is defined as the integral of the signal measured on the spectrometer, multiplied for
appropriate detector calibration factor as discussed in Section 3.2. It is important to note that
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Figure 3.23: Energy spread at 8 and 15 bars.
the un-detected low-energy electrons will not affect peak energy, while will marginally affect the
mean beam energy. In the case of beam charge, a significant contribution is expected which leads
to an underestimate of the total charge when measured from the spectrum. Table 3.3 shows a
summary of the measured values at the two different backing pressures.
Pr. (bar) Epeak Max Epeak Emean Cut-Off Charge
8 152±117 >450 112±32 450±280 120±60
15 110±46 355 110±26 370±210 180±100
Table 3.3: Beam features at different backing pressures. Energies are in MeV and charge is in
pC.
Summarizing, in the case of 8 bars bunches are more energetic, while in the case of 15 bars
have higher charge. Furthermore, average beam energies are in good agreement with the ones
found in the first run [56].
Beam energy spread
Beam energy spread is defined as the FWHM of the beam energy peak over the beam peak energy.
This parameter is crucial for applications that need monochromatic beams, as for example high-
energy physics or radiation physics applications. Figure 3.23 shows an histogram of the measured
energy spread at the two different backing pressures, showing higher monochromaticity at 8 bars.
Figure 3.24 shows the lowest energy spread shot, with a measured energy spread of 4.6%.
Beam reproducibility
For beam reproducibility it is intended the shot-by-shot fluctuation of beam parameters. In
general, we can say that all the parameters studied resulted to be more stable in the case of 15
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Figure 3.24: Lowest energy spread (4.6 %), obtained at 8 bars.
Figure 3.25: Beam vertical divergence vs. energy at 8 and 15 bars.
bars.
Divergence vs. energy
As discussed in Section 3.4.4, the non-dispersive axis of electron spectra can be used to make a
measure of beam divergence vs. beam energy. Figure 3.25 shows medium divergence of the beam
plotted versus energy. According to this picture, at 8 bars the beam divergence is lower than
in the case of 15 bars and furthermore the divergence decreases at the energies where intensity
peaks were typically recorded. These values are in agreement with the divergences previously
evaluated in Section 3.3.
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3.5 Estimate of laser depletion length
Figure 3.26: Example of Thomson
scattering image taken at 8 bars.
Another important parameter to assess the performance
of the LWFA is the laser depletion length, namely the
length of propagation after which laser energy is reduced
below the needed value to support the wakefield. In our
experiments, this length was estimated via Thomson
scattering imaging, as discussed above in Section 2.1.2.
These images show the light emitted by the plasma
along a direction perpendicular to the laser propagation
and polarization axes. In cilindrical coordinates for the
plasma, with zˆ alonf the propagation axis of the laser,
the signal measured on the camera, ST is proportional to:
ST ∝
∫ rCCD
−∞
I(x, r, θ)ne(x, r, θ)dr (3.18)
where ne is the electron density and I is the intensity emitted by each electron. In Figure 3.26 is
reported a typical Thomson scattering image. It is possible to see the laser propagating from the
left inside the gas-jet, followed by a darker region in the middle. At the end of this region plasma
self-emission, visible as blue-light emission, is observed. Combining these images with the gas
density profile, reported in Figure 2.6, allows for some qualitative considerations to be done. The
Figure 3.27: Light intensity at different wavelengths versus plasma density relative to Figure 3.26.
yellow-red light emitted in the beginning is due to Thomson scattering, namely the oscillation of
plasma electrons at the laser frequency, which is in the near infrared (800±40 nm). The darker
region in the middle is due to a minimum in the density profile (4 times lower density than in
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the peak) of the gas-jet. Finally, the blue emission at the end is due to plasma self-emission from
second density peak.
As visible in Figure 3.27, only red light shows a peak in the first density peak (laser side).
As discussed before, it is possible to take red light signal as an indicator of the energy contained
by the pulse along the propagaion. Finally, pump depletion length has been estimated at the
different backing pressures and results as summarized in Table 3.4.
Pr. (bar) L (mm)
5 4.19±0.21
8 4.10±0.35
15 3.98±0.37
Table 3.4: Estimate of laser depletion length at different backing pressures.
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Figure 3.28: Phase space ellipse. Image taken from [60].
3.6 Measurement of the beam transverse emittance
Bunch electrons occupy a certain region in the position-momentum space which is called the
beam emittance. Three independent two-dimensional beam emittances are defined, relative to
(x, vx), (y, vy) and (z, vz) phase spaces. Multiplying the emittance for pi gives the area occupied
by the beam in the respective phase space plane. Under the assumption of no coupling of the
particle motion between the axis, which is true at the first order, from the Liouville’s Theorem
it follows that the emittance will be conserved under conservative forces. Emittance is a crucial
parameter for beams that have to be injected in a electro-magnetic beam transport line, since it
gives information about both spatial and momentum spread.
Since it is easy to be described analitically, it has become customary to sorround all particles
of a beam in phase space by an ellipse called the phase ellipse, showed in Figure 3.28 and
described by [60]:
γx2 + 2αxx′ + βx′2 =  (3.19)
where α, β, γ and  are the ellipse parameters. The area enclosed by the ellipse is called the
beam emittance  defined by: ∫
ellipse
dxdx′ = pi (3.20)
So while moving in a conservative field, beam emittance is conserved, but α, β and γ (called
Twiss parameters) may change. The evolution of these parameters is described by a linear
system that, in the case of free propagation in vacuum, is:β1α1
γ1
 =
1 −2l l20 1 −l
0 0 1

β0α0
γ0
 (3.21)
where α1, β1 and γ1 are the Twiss parameters after a propagation distance l [60].
Retrieval of beam emittance requires a measure of the beam spot size in more positions along
the propagation. In fact, the analytical problem has 4 unknown factors with 2 equations to solve
it, namely the transverse size measured D1=
√
β1 and the ellipse equation βγ − α2 = 1. Each
measurement of beam size in other positions will add 2 unknown variables but at the same time
3 equations, due to eq. 3.21. So at least 3 measurements are needed to retrieve beam emittance.
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Figure 3.29: One of the raw images acquired throughout the experimental campaing to measure
beam transverse emittance.
In order to do so, a dedicated of measurements was taken during the γ-RESIST experiment. A
set of 3 Lanex screens have been placed on the bunch propagation path, in a row, and imaged with
a Basler b/w Scout camera. One of the images acquired throughout the experimental campaign
is showed in Figure 3.29.
It is important to note that in absence of the magnet, both transverse emittances can be
evaluated, while with the magnet in, one transverse emittance only can be measured, for a given
electron energy.
A preliminary analysis of the experimental data obtained with laser propagation through the
4 mm side of the nozzle shows transverse emittances of 0.3 pi mm mrad.
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Figure 3.30: Scheme of the experimental set-up used for measurement of electron spectra.
3.7 Electron beams produced in the table-top positron source
experiment
During the table-top positron beam experiment, electrons have been accelerated by Astra Gemini
laser system, which delivered during the experiment laser pulses with 15 J energy and 40 fs
duration, thus leading to a pulse power of 350 TW.
Laser pulses were focused inside the interaction chamber by an f/20 Thomson parabola, into
a focal spot of 27±3 µm FWHM diameter. The higher focal number parabola gives a longer
depth of focus to the laser pulse, thus allowing for a longer propagation of the beam. The peak
intensity on target was I0=1.2×1020 W/cm2, resulting in a peak normalized vector potential
a0=8.3. So the accelerating fields should be much higher than in the preliminary run of FLAME.
A significative difference with the acceleration at FLAME is given by the gas-jet. In this
experiment a conical super-sonic Laval nozzle of 15 mm diameter has been used, allowing for
flatter plasma density and longer acceleration length. Due to the bigger size, in this experi-
ment gas backing pressures an order of magnitude higher have been used. Furthermore, in this
experiment gas mixtures have been used to improve injection of electrons at lower densities.
3.7.1 Set-up of the spectrometer
The electron spectrometer used in this experiment has the same ingredients of the one used
at FLAME, namely permanent dipoles, lanex screens and CCD cameras. But in this case the
experimental set-up was different, and it is displayed in Figure 3.30.
Analysis of experimental data and retrieval of electron beam features 60
d1 2.1 cm d2 2.1 cm
a1 25 cm a2 5 cm
b1 33.5 cm b2 30 cm
l1 10.5 cm
c1 5 cm c2 10 cm
c1 hole diameter 0.5 cm c2 hole diameter 1.5 cm
lanex 1 14.1 cm lanex 2 28.3 cm
LM1 5 cm LM2 30cm
B1 0.3 T B2 1 T
Table 3.5: Table of the experimental parameters reported in Figure 3.30.
Collimators of 10 mrad acceptance and two pairs of magnet-lanex have been used (cfr. Table
3.5). The use of two different spectrometers, one for lower energies and the other for higher
energies, with the lanex positioned at 45◦ with respect to the laser propagation axis, allowed for
a very wide range of detectable energies. The last difference with the FLAME set-up regards the
imaging of the lanex. Instead of 8-bit format, in this case 16-bits images have been acquired,
thus almost completely eliminating the problem of saturated pixels described in Section 3.4.5.
Table 3.6 summarizes the differences between the two spectrometers.
Feature Astra-Gemini FLAME
Collimators 2 0
Lanex 2 1
Magnets 0.3 T × 5cm / 1 T × 30 cm 1 T × 5 cm
Image format Sif - 16 bits bitmap - 8 bits
Energy range 80 MeV - 2.2 GeV 60 MeV - 450 MeV
Table 3.6: Comparison of the different experimental set-up used in the two experiments.
3.7.2 Electron beams produced
Spectrum retrieval procedure is very similar to the one discussed before for FLAME, except that
in the positron experiment, two different lanex screen have been used for electron spectrum and
that they were positioned at 45◦ with respect to the laser propagation axis, in order to have the
highest resolution in the energy range expected. In Table 3.7 the main differences between the
two experiments regarding the electron acceleration are summarized.
Low energy spectrometer shows significant amount of charge at each shot. Since the objective
of the experimental campaign was the stable production of positron beams, before each run
electron beam production has been optimized in order to obtain the most reproducible beams.
In order to do so two parameters have been usually scanned: the gas density and the postion
of the laser focus with respect to the edge of the gas-jet. In Figure 3.31 a 3-D plot is shown, in
which lectron beam average energy versus focal spot position and gas pressure.
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Figure 3.31: 3-D plot of electron beam average energy versus focal spot position and gas pressure.
It is possible to see that the matching condition has been reached in the case of 24.5 mm absolute
position and 65 bars backing pressure in the case of He gas doped with 1% of N.
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Feature FLAME RAL
I0 (W/cm2) 2·1019 1.2·1020
a0 3.6 8.3
λ0 (µm) 0.8 0.8
Parabola f/10 f/20
Nozzle Rect. 4×10 mm Cone of 15 mm diam.
Gas-jets He 99%He-1%N / 99%H-1%Ar
Pressure 5-15 bars 10-100 bars
Table 3.7: Comparison between the experimental set-up features in the two experiments.
Figure 3.32: Examples of typical beam structure occurred during the experiment: on the left side
is showed a typical quasi monoenergetic bunch, while on the right side a multiple-bunch structure.
Properties of the accelerated bunches
In this experiment quasi-monoenergetic bunches and multiple bunches have been typically ob-
served, and up to four simultaneous bunches have been detected, as shown for example in Figure
3.32. Multi-bunch shots were present mostly at higher pressures and under 45 bars no multi-bunch
events are observed.
Beam peak energy
In this experiment peak electron energies were higher, with a record-high peak reached at 1.2
GeV and showed in Figure 3.33.
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Figure 3.33: Highest energy peak achieved with helium-nitrogen mixture at 45 bars backing pres-
sure.
Beam average energy
As for the case of peak energies, also average energies are higher in this experiment. Average
energies resulted to be dependent on gas pressure and in Figure 3.34 a plot of the average energy
versus the gas density is reported.
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Figure 3.34: Beam average energy versus gas density.
Beam energy spread
The energy spread of the electron bunch were of the order of a few tens %. Figure 3.35 shows
a plot of the energy spread versus the gas pressure. According to this plot, the energy spread
increases up to 100% for pressures up to 55 bars and then decreases rapidly for pressures between
55 and 65 bar. For higher pressures the energy spread has a plateau at 30%.
In the case of 60 and 65 bars backing pressures the energy spread are on the order of 20%, while
increasing or decreasing the pressure abruptly lead to more than 50% energy spread bunches.
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Figure 3.35: Beam energy spread versus gas density.
Chapter 4
Discussion
In this chapter experimental data are discussed, followed by a qualitative discussion of the possible
applications of the electron bunches presented in Chapter 3.
4.1 Electrons produced at FLAME
For future applications of LWFA electron bunches it is crucial to achieve the best control on the
acceleration process, in order to be able to produce beams with the desired features. For this
reason different experimental techniques have been recently developed to enhance the control on
electron injection in the bubbles [22], or to increase the acceleration length [61]. At this point,
it is important to estabilish wheter the aimed bunches have to be with good spectral properties
(high peak energy, low energy spread, etc...) at the cost of a lower repetition rate, or vice versa.
In this context, the electron bunches produced in the preliminary run of γ-RESIST experiment
have an high repetition rate, up to ten shots per minute, which is limited only by the vacuum
pumping time. With appropriate vacuum system and target technology, this limit could be pushed
to the 10 Hz (laser repetition rate). In this experiment the density gradient injection technique
(cfr. Section 1.5.1) is used in order to increase beam charge. The electron bunches produced show
different interesting properties. Beam divergence is the same within the uncertainty in the case
of 8 and 15 bars, while when dropping the pressure to 5 bars it is observed a net increase of
the divergence which becomes around 15 times larger. This, along with the fact that pointing
stability is significantly better in the case of 5 bars with respect to 8 and 15 bars, may be an
indication that electrons are accelerated in two different regimes, whose density threshold is
between 5 and 8 bars. Furthermore, in similar experiments, pointing instability is found to be
sistematically bigger than beam divergence, and in FLAME experiment this is the situation for
8 and 15 bars, while at 5 bars beam divergence is bigger than pointing stability.
Lu’s group scaling laws [31] say that using a laser pulses shorter than the plasma wavelength
and with normalized vector potential a0>2, the dominant accelerating process for electrons should
be the blow-out regime (cfr. Section 1.6.3). Electrons, to be accelerated in the cavitated region,
have to catch up the wave, and this condition is called the self-injection treshold, which is
estimated to be:
kpw0 ' 4÷ 5 (4.1)
where kpw0 is called the normalized radius of the bubble. From this condition, it follows that a
plasma density of nmin=8.3·1018/cm−3 is needed to have self-injection. This is very interesting,
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since the predicted density in the first peak in the case of 5 bars is just slightly lower than this
value, npeak,5bar=7.6·1018/cm−3. A possible scenario is that the plasma wave phase velocity is too
high (or the bubble radius is too small) to allow electrons to catch up the wave. So the observed
electrons at 5 bars come should come from a different acceleration regime, where collimated
beams of 80 mrad divergence are produced with good pointing.
The study of bunch spectra shows that at 8 bars electron beams have higher peak energies,
average energies and cut-off energies. Furthermore, at 8 bars peak energies are on average 10%
higher than average energies, while at 15 bars they are almost comparable. Finally, at 8 bars
the measured energy spreads are significantly lower than the case of 15 bars. All these obser-
vations consistently suggest that at 8 bars plasma density is more fitted for the production of
quasi-monoenergetic beams, while at 15 bars the higher density allows for flat-top beams with
significantly higher charge, on average 50% more. Thys hypothesis is reinforced by the fact that
quasi-monoenergetic beams are observed in 40 % of shots at 8 bars, while in 20% of shots at 15
bars. A possible scenario is that because of the higher density, phase velocity of the accelerating
field is reduced, with consequently trapping of more electrons in the bubbles, but on the other
side a lower phase velocity implies a shorter electron dephasing length, so part of the buch may
enters in a deceleration phase space region, thus lowering the energy of the beam.
Beam vertical divergence on spectrum images is found to be lower at higher energies and
sistematically lower in the case of 8 bars, as shown in Figure 3.25. Moreover, at higher energies
the difference in divergence between 15 bars and 8 bars becomes lower. This can be interpreted
with the production of similar ultra-collimated high energy bunches in the case of 8 bars and
15 bars, whose electrons are partially lowered in energy and in divergence depending on plasma
density, which is consistent with the hyporhesis of a shorter depletion length at 15 bars.
To increase the level of understanding on the acceleration regime occurred, 3D PIC sim-
ulations have been performed with the code Jasmine (cfr. Section 1.8.2) by F. Rossi and P.
Londrillo in order to have a better understanding on the acceleration process. A first simulation
has been done considering a normalized vector potential a0=2.45, laser waist size w0=15.5 µm,
laser pulse duration at FWHM τ=30 fs and the plasma density profile reported in Figure 4.1,
which is relative to the case of 8 bars.
Numerical simulations shows the formation of a bubble in the first density ramp, which then
propagates through the gas-jet gradually losing its shape as the driver depletes (see Figure 4.2). In
the initial bubble, a bunch of electrons is self-injected and accelerated up to 242 MeV with a peak
in the energy spectrum at 186 MeV with 6.1% relative energy spread (see Figure 4.3). While the
bubble loses its shape and breaks up, the electron bunch loses energy and increases its divergence
and its relative energy spread. After 6 mm laser pulse is completely depleted and the simulation
stopped since Jasmine code is not conceived for propagation without acceleration. So the bunch
passage through the second density peak has not been simulated. Table 4.1 gives a comparison
between bunch properties at 1 and 4,7 mm propagation. According to these preliminary results,
acceleration before laser depletion yields good quality bunches, with a relatively small energy
spread of 6% and horizontal and vertical divergences of 12 mrad and 9 mrad. Simulations also
show that propagation in the plasma region with partial laser depletion strongly affects the
quality of the bunch accelerated after the first few millimeters. While peak energy is basically
stable, energy cutoff (max energy) increases by a factor of 1.4, while energy spread and divergence
increase by a factor of 2 or more. Interestingly, the bunch charge also doubles, indicating that
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Figure 4.1: Plasma profile extrapolated from [40] at the pressure of 8 bars (green) and plasma
profile used for simulations (blue).
Figure 4.2: Simulation of the electron acceleration at 8 bar. On the left we see that after the first
mm of propagation, the laser pulse creates bubble cavities where electrons are self-injected and
accelerated. On the right we see that when the laser is depleted (here 4.6 mm), bubbles break up
with consequent loss of gain in kinetic energy for electrons.
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Figure 4.3: Left: Electron bunch spectrum after the first density ramp. Right: Electron bunch
spectrum after 4.6 mm of propagation.
more electrons are injected as the bubble propagates in the laser depleted region. Propagation
in the remaining plasma region (second peak of the density profile) is therefore likely to lead
to an additional comparable loss of quality while providing source of additional electrons to be
injected in the bubble. Comparison with our experimental results shows that, in spite of the loss
of quality expected from bubble propagation in the laser depleted region, the measured divergence
is significantly smaller than that expected from numerical simulations. In contrast, the typical
measured energy spread of ≈25%, is greater than the 14% predicted after the first 4.7mm. This
apparent contradiction suggests that more data and more accurate simulations are needed to
unfold the role of laser-free bubble propagation in the gas. At this stage of the comparison we
can however say that our double-peak gas-jet profile yields very collimated bunches with higher
charge than that expected for standard gas-jet profile.
Feature 1 mm 4.7 mm
Max energy (MeV) 242 346
Peak energy (MeV) 186 172
Energy spread (%) 6.1 14
Divy (mrad) 12.1 29.6
Divz (mrad) 8.7 18.1
Charge (pC) 86 163
Table 4.1: Bunch properties evaluated after the first mm and after 4.7 mm of propagation. The
axis y is the polarization axis of the laser electric field.
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4.2 A possible new set-up for electron acceleration at FLAME
In future laser-plasma electron acceleration experiments it will be useful to use nozzles of shorter
length, of maybe 4 or 5 mm, because, as shown by the simulations, after 6 mm the acceleration
process end. Futhermore an improvement of the spectrometer would be desirable, since its role
is crucial in these experiments.
The highest sources of uncertainty in spectrum retrieval come from the lack of knowledge
about the pointing and the divergence of the measured bunches. For this reason in future exper-
iments it can be useful to put another Lanex screen, of lower dimension, before the entrance of
the magnet, in order to retrieve both pointing and divergence. In this situation the uncertainty
on pointing will be removed at the level of the pixel size, so the reconstructed spectrum will
have an uncertainty reduced by more than factor of two, since usually pointing is higher than
divergence. The placement of this additional fluorescent screen may imply the use of additional
shielding, because if laser light hits the screen the electron bunch will not be imaged properly.
This is the situation at FLAME, where the shieldings are used only after the magnet, and the
implementation of additional shielding have to be compatible with the diagnostics present inside
the chamber.
Another improvement relative to the spectrum retrieval can be obtained saving images in
a 16-bits format, as it was done in the experiment at RAL. In fact, during the experiments,
beam charge fluctuated typically over two orders of magnitude. Thus the two additional orders
of magnitude provided by a 16 bits format, when compared to 8 bits format, should prevent pixel
saturation.
The last point to be discussed regarding the spectrometer is its positioning with respect to
the laser axis. On average the average pointing of the electron bunches should be along the laser
axis, but due to the high non-linearity of the laser channeling inside the plasma, a check of
this may be useful. So a possible procedure could be the estimate of the average pointing and
divergence using the additional Lanex described earlier over, for example, 100 shots, and then
the placement of the screen with its high-energy edge at half divergence over the laser axis. In
this way the screen will be used in all of its length. Moreover, tilting the Lanex with respect to
the laser axis up to 45◦ increases the energy range of the spectrometer.
Finally, a possible innovative solution for increasing the repetition rate of the electron bunches
can be a continous gas-jet. In Figure 4.4 is showed a possible basic scheme for a continous gas-
jet, which consists on an extraction tube regulated by two valves to keep a good quality vacuum
avoiding the entrance of the air inside the chamber.
4.3 Comparison between the electron beams studied in this thesis
and the ones produced by the other laser-plasma communities
During last years, along with the experimental production of LWFA electron beams, different
theories and scaling laws have been published in order to predict the electron beam features. In
this context, the most relevant scaling laws are the ones of Pukhov’s and Lu’s groups. Pukhov’s
scalings are for interactions at ultra-high intensities (a0>20), while Lu’s are more suited for lower
intensities (a0>2). Electron beams studied in this thesis are produced at a0=3.6 in the case of
FLAME and a0=8.3 in the case of Astra-Gemini laser, so Lu’s scalings should be more appropriate
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Figure 4.4: A possible scheme for a continous gas-jet to be used in high repetition rate electron
acceleration experiments.
for these beams. Lu’s scaling laws are based on the use of preformed plasma channels and on
flat-top density profiles, so in this context it will make no sense to pretend a precise agreement
between experimental results and theoretical scalings. In fact, in the experiment held at FLAME,
both of these two hypothesis are not satisfied, while in the case of the experiment held at Astra
Gemini, only the second is almost satisfied.
Lu’s group predicts the acceleration of a quasi-monoenergetic electron bunch with energy
given by eq. 1.46, charge given by 1.47 and further a laser depletion length (optimal length of
the nozzle) of:
Lpd '
ω2p
ω20
cτFWHM (4.2)
In Table 4.2 experimental results are compared with Lu’s estimations. In the estimations regard-
ing FLAME, plasma density is taken equal to the value in the valley of density profile reported in
Figure 4.1, thus over-estimating the energy and the depletion length. Experimental peak energies
are lower than the predicted, with FLAME results closer to the prediction. This is very interest-
ing, since predictions are also over-estimated and thus this may be due to the presence of density
gradients. In the case of charge, Astra-Gemini results are, again, around a half of the predicted
value, when FLAME ones are in good agreement considering the uncertainty, expecially in the
case of 15 bars. Finally, the estimate of depletion lengths shows that in both the experiments
the choice of the nozzle may be improved in order to obtain higher quality electron bunches.
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Feature γ-RESIST Lu Astra-Gemini Lu
Peak en. (MeV) >450 (8 bar) 700 1200 (45 bar) 2100
355 (15 bar) 570 1000 (55 bar) 2000
Charge (pC) 120±60 (8 bar) 180 300±100 (45 bar) 770
180±100 (15 bar) 180
Depl. length (mm) 10 9.4 (8 bar) 15 11.5 (45 bar)
6.9 (15 bar) 10.5 (55 bar)
Table 4.2: Comparison between the experimental results and Lu’s group predicted values in the
case of a preformed density channel with constant plasma density along the laser propagation
axis.
Figure 4.5: Left) Picture of a typical medical linac. Right) Scheme of the operation of a medical
linac.
4.4 Possible applications of the electron beams produced during
my experimental work
In this thesis two possible applications of LWFA electron beams have been presented and briefly
discussed: the production of an all-optical γ-ray source of high brilliance and the production
of ultrarelativistic and ultracollimated neutral and positron beams. While γ-rays and positron
beams are routinely produced using conventional accelerators, the production of neutral beam
is still a big experimental issue because with rf technology an overlapping of an electron and a
positron beams is required. Thus the ”intrinsic” neutrality of the beams produced in the experi-
ment described in Section 2.2 seems to be a very promising result.
4.4.1 Laser-IORT
A possible application of these beams is their use in the IntraOperative Radiation Therapy
(IORT). This technique consists in the irradiation of the surroundings of a tumor area after its
removal, in order to immediately burn the remaining cancer cells to prevent tumoral setback and
metastases. IORT treatments can be applied only on opearable tumors, and are executed inside
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Figure 4.6: Scheme of the acceleration and shaping of an electron bunch inside a typical medical
linear accelerator.
the operating theater. At the moment, IORT treatments are performed using radio frequency
linear accelerators of compact size, as the one shown in Figure 4.5. The electrons are generated by
an electron gun (e.g. a cathodic tube) and then accelerated along a beam guide. At the end of this
guide, a magnet deflects the electrons into a carousel to shape the beam and then into collimators,
as shown in Figure 4.6. The electron bunches are accelerated at typically 5-20 Hz repetition rate
and have different features that can be reproduced by laser wake field accelerated electrons, as it
is shown in Table 4.3. The importance of replacing linacs with a ”laser-IORT” technique is based
on two main disadvantages of the linacs. The first one is the Ultra-High-Vacuum (UHV) inside
the linac, necessary for a radio frequency system, that leads to very slow emptying time and is
subject to frequent faults. Linac repairings are both non-trivial and unconvenient since they have
to be done inside operational theaters, where sterilization is needed. The second disadvantage is
the size of the linac, which needs a proper room in order to fit in. A laser-IORT system will not
have these two disadvantages, since the laser system can be mounted in a dedicated clean room
(so no problem for sterilization) and the laser pulses can be sent through vacuum beamlines
in each operational theater, where only some optics and one nozzle are needed. Moreover, due
Feature NOVAC7 (HITESIS SpA) LIAC (Sordina SpA) Laser-Iort
Max energy ≤ 9 MeV ≤ 12 MeV ≤50 MeV
Energies available 3,5,7,9 MeV 4,6,9,12 MeV 2-50 MeV
Bunch charge 6 nC 1.8 nC 1.6 nC
Repetition rate 5 Hz 5-20 Hz 10 Hz
Temporal duration 4 µs 1.2 µs < 1 ps
Peak current 1.5 mA 1.5 mA > 1.6 kA
Mean current 30 nA 18 nA (@ 10 Hz) 16 nA
Energy released (1 min.) 18 J (@ 9 MeV) 12 J (@ 12 MeV) 21 J (@ 20 MeV)
Table 4.3: IORT electron accelerators: comparison between two models produced in Italy and
experimental LWFA electrons.
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Figure 4.7: Scheme of an FEL.
to their very high peak current, LWFA electron bunches may have different biological effects
when compared to conventional beams. Depending on these effects, that are currently under
investigation, two different scenarios may happen. If the Radio Biological Effect (RBE) will be
lower with respect to longer beams, repetition rate and beam charge will have to be increased.
Instead, in the case of a similar or higher RBE, it will be possible to execute the first pre-clinical
tests of laser-IORT. Finally, if RBE will result significantly higher, it could be possible to start
thinking about using LWFA bunches for radiotherapy purposes, whose electron beam parameters
are far more stringent than in the case of IORT.
4.4.2 Laser-driven Free electron laser
Laser pulses in the X-ray regime are not available with traditional laser technology for several
reasons, as for example the absence of mirrors for x-rays. A novel approach to realize laser pulses
in the x-ray regime is given by the Free Electron Lasers (FEL), where an electron bunch is
sent through a series of magnetic chicanes, as shown in Figure 4.7, thus oscillating and emit-
ting coherent radiation. Due to the extremely wide range of applications of a laser with such
little wavelengths, as for example the single molecule imaging, several FEL have already been
developed and other will soon be constructed.
Actually, the electron beams used for FELs come from conventional accelerators of and, as
in the case of IORT, it is very fascinating the possibility to use LWFA bunches. In figure 4.8 are
reported the requested parameters in the case of a 300 MeV electron beam. The request of a 300
pC, 2% energy spread beam of 300 MeV peak energy doesn’t seem so far for the experimental
results showed in this thesis.
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Figure 4.8: Condition requested for FEL lasing for a 300 MeV electron bunch.
Chapter 5
Conclusions
In this thesis I described two experiments based on electron acceleration via laser wakefield to
produce secondary radiation. These two experiments were carried in two laser facilities, leading
to two different sets of parameters for the laser-plasma interaction.This enabled two different
acceleration conditions to be compared. The properties of the accelerated electron beams have
been studied in this thesis analyzing the experimental data of a range of diagnostics,including
the magnetic spectrometer and the Thomson scattering imaging.
The diagnostics allowed the properties of these accelerated electron bunches to be retrieved
and the acceleration regime to be identified. Beam divergence and pointing stability, beam spec-
trum, charge and emittance were found to be consistend with those expected fron the so-called
bubble regime of laser wakefield acceleration.
Finally, possible applications of the beam studied are proposed.
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